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Not Even Skin Deep
Fixing electronics onto skin typically involves 
the attachment of bulk electrodes using 
adhesive tapes, mechanical clamps or straps, 
or penetrating needles. Kim et al. (p. 838; see 
the Perspective by Ma) designed fi lamentary 
serpentine electronic circuits that encompass very 
thin functional components encased in a fl exible 
polymer that can be attached to the skin by using 
noninvasive van der Waals contacts. As a result 
of this technology, components and devices were 
produced for physiological status monitoring, 
wound measurement and treatment, human-
machine interfaces, and covert communications.

Cooling Aerosols
Our climate has warmed substantially over the 
past half-century, mostly owing to the addition of 
greenhouse gases to the atmosphere. However, 
the rate of warming has not been constant: 
Average global temperature has been increasing 
less quickly over the past decade than during 
the 1980s and ‘90s. Solomon et al. (p. 866, 
published online 21 July) used ground-based 

and satellite measurements of 
stratospheric aerosol burdens to 
reconstruct the amount of radiative 
forcing that aerosols have provided 
over the past 50 years. Since 1998, 
global temperatures increased by 
about 25% less than if the amount 
of stratospheric aerosols had not 
increased.  Stratospheric aerosols 
also provided a slight cooling effect 
between 1960 and 1990.

Twice as Nice
An important goal in public health is the develop-
ment of a universal infl uenza vaccine. Broadly 
neutralizing antibodies against group 1 infl uenza 
A virus have been described; however, a broadly 
neutralizing antibody against group 2 viruses has 
not (see the Perspective by Wang and Palese). 
Ekiert et al. (p. 843, published online 7 July) 
describe the isolation and characterization of 
a human monoclonal antibody, CR8020, with 
broadly neutralizing activity against group 2 
viruses, which recognizes a region distinct from 
that recognized by the group 1 antibodies. In a 
separate study, Corti et al. (p. 850, published 
online 28 July) report the isolation of an antibody 
from an infl uenza-infected individual that shows 
neutralizing activity against both group 1 and 
group 2 infl uenza A viruses. The antibody binds 
to a conserved region in the infl uenza hemag-

glutinin. Administration of the antibody protected 
both mice and ferrets against infection with a 
group 1 or group 2 infl uenza A virus. 

Supernova Surrounded
Type Ia supernovae are thought to be produced 
by an explosion of a white dwarf star that accretes 
matter from a companion star in a close binary 
system: According to current models, this compan-
ion can be either another white dwarf or a normal 
or giant star. One feature that distinguishes these 
models is the presence of circumstellar matter 
when the companion star is not a white dwarf. 
Sternberg et al. (p. 856) looked for signatures of 
circumstellar matter in 35 type Ia supernovae and 
concluded that in nearby spiral galaxies, type Ia 
supernovae tend to originate from a binary system 
containing only a single white dwarf. 

Rapid Cortical Memory 
Consolidation
Systems memory consolidation, in which 
hippocampus-dependent memory is taken over 
by cortical areas, has traditionally been thought 
to be a slow process. When rats are trained in a 
paired-associate memory task and learn a new 
paired-memory association in the same context, 
formation of the new event memory requires the 
hippocampus. However, recall rapidly becomes 
hippocampus independent, suggesting that 
systems memory consolidation can occur quickly 
if an associative schema has already been 
created. Tse et al. (p. 891, published online 7 
July) use the same behavioral paradigm to now 
show parallel memory encoding in the neocortex 
during hippocampal-dependent learning of new 

paired-associate memory traces into an existing 
cortical schema. This parallel encoding was es-
sential for subsequent memory.

Electron Correlations 
in Bilayer Graphene
The electronic properties of many materi-
als are well described by a “single electron” 
model because the effects of electron-electron 
interactions are blurred by the scattering at 
defects or thermal broadening. Mayorov et 

al. (p. 860, see the cover) were able to fi nd 
evidence of electron correlations in suspended 
bilayer graphene samples that had been pre-
pared to remove defects and dopants and to 
increase their quasiparticle mobility. 

The Right Receptor 
for Attention
Release of the neurotransmitter acetylcholine 
from the basal forebrain cholinergic system is 
essential for sensory processing and cognition. 
Guillem et al. (p. 888) now describe a key role 
for β2-subunit–containing nicotinic acetylcho-
line receptors (nAChRs) in visual attention. Mice 
lacking the β2 subunit exhibited impaired atten-
tional performance. The defi cit was recovered, 
however, by the reexpression of a β2-nAChR in 
the medial prefrontal cortex. Furthermore, in 
brain slices, the response of medial prefrontal 
cortical cells was abolished with a β2-nAChR an-
tagonist and reinstated after washout. Attention 
is thus controlled by acetylcholine acting on the 
expression of β2-nAChR in the neurons of the 
medial prefrontal cortex.

Plesiosaurs have been known for nearly 200 years and are well represented in the 
fossil record; however, little is known about their natural history. O’Keefe and 
Chiappe (p. 870) reexamined a nearly 30-year-old Plesiosaur fossil of Poly-

cotylus latipinnis and suggest that this group was viviparous. In contrast 
to other viviparous Mesozoic marine reptiles, P. latipinnis produced 
only a single large offspring, which may suggest that Plesiosaurs 
engaged in high levels of maternal care for their offspring. 
The low number of offspring produced may also 
have contributed to the rarity of 
neonate Plesiosaurs 
in the fossil record.
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Hydrogen in a Hurry
Bringing together two protons and two electrons to form the simplest molecule—hydrogen—is 
deceptively challenging. Helm et al. (p. 863) synthesized a stripped-down catalyst that features 
just a nickel ion and two heptagonal amino-diphosphine ligands, yet manages to couple protons in 
acidic acetonitrile solution reductively at a turnover frequency exceeding 100,000 cycles per second. 
Structural and kinetic studies of this complex and its variants implicate a conformation that places 
the amines in just the right orientation to transfer protons to the reduced nickel center.

Not Going It Alone
When breeding in insects is limited to few individuals in a group, the evolution of eusociality is 
often explained by kin selection. What, then, explains nonrelated individuals in insect colonies? 
Leadbeater et al. (p. 874; see the Perspective by Gadagkar) examined the founding of colonies of 
the wasp Polistes dominulus, where nests are often established by both dominant (breeding) and 
subordinate foundresses (primarily nonbreeding). The presence of unrelated individuals was associ-
ated with more successful establishment and maintenance of a colony, when compared with those 
established by a single foundress.  The potential to inherit the nest thus resulted in a higher prob-
ability of reproductive success for subordinates than had they established their own nest.

Fungal Placement Resolved
Fungi play important roles in nature, but many taxa remain uncultured, 
known only from environmental DNA sequences with uncertain phy-
logenetic placement. Rosling et al. (p. 876) have now cultivated and 
sequenced two representatives of a clade previously designated as Soil 
Clone Group I and identifi ed it as a new class within the Ascomycota—
Archaeorhizomycetes. Archaeorhizomycetes may be present in soil in 
forests and grasslands from the tundra to the tropics.

You Scratch My Back …
Plants and arbuscular mycorrhizal fungi often form mutualistic associations that provide the plant 
with mineral nutrients and the fungi with carbohydrates. When multiple plants and fungi are associ-
ated, how is nonreciprocal nutrient exchange prevented? Kiers et al. (p. 880; see the Perspective by 
Selosse and Rousset) manipulated the associations between plants and more- and less-cooperative 
fungi and traced the movement of resources between the plant roots and fungi. Nutrient exchange 
could be explained by both the plant and fungus making nutrient availability dependent on the 
nutrient output it receives from the partner, with the best partners being given more resources.

Motor Lockdown
Kinesin-1 is a dimeric molecular motor that transports cargo on microtubule tracks. Its movement 
is dependent on adenosine triphosphate hydrolysis and, when not transporting cargo, it is auto-
inhibited. Autoinhibition involves binding of the tail region to the motor domain, but the precise 
mechanism is unclear. Based on the crystal structure of a motor domain dimer in complex with a tail 
domain, Kaan et al. (p. 883) show that the tail domain binds both motor domains and prevents the 
movement that is necessary for adenosine diphosphate release.

Gametes Ahoy
The development of gametes is controlled by the germ cells’ own genome, as well as by signals from 
the surrounding somatic tissue that forms the gonads. In Drosophila, the primordial germ cells are 
fi rst formed at the posterior pole of the embryo. Gastrulation moves the cells around, and the pri-
mordial germ cells must migrate to the gonads. Hashiyama et al. (p. 885, published online 7 July; 
see the Perspective by Van Doren) now show that the Sex lethal (Sxl) gene is expressed in female 
cells as they migrate. Expression of Sxl directs a female’s fate by driving unusual expression of Sxl in 
genotypically male germ cells. Thus, in female Drosophila, oogenesis begins even before the germ 
cells fi nd the gonads. 
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 Moving Toward Global Science  
WE ARE EXPERIENCING A NEW ERA IN THE ADVANCEMENT OF SCIENCE. MORE NATIONS 

recognize that innovation, driven by science and engineering (S&E), is the fuel for eco-
nomic growth, prosperity, and social well-being. Global annual investment in R&D has 
doubled since 1996 to $1.1 trillion. There is strong determination in countries large and 
small to be aggressively competitive in R&D growth, given the lure of innovation, the sway 
of geopolitical events, and tighter economic interdependence. Relative to their respective 
gross domestic products, China, India, Korea, Singapore, and Qatar are some of the nations 
that have substantially increased investments in S&E research and education, with a focus 
on the strategic development of their S&E workforce. Relative precollege student achieve-
ment rankings, intellectual property registrations, and authorship of scientifi c papers high-
light a dynamic global balance. At the same time, the world has become highly intercon-

nected, so that local economic shifts hinge not only on long-term support for 
scientifi c research in each country but also on creative global collaboration. 

Cooperation in this context requires new thinking and an auspicious envi-
ronment in which to cultivate and fortify this synergy. What strategies 

will move us there? 
The most fundamental barriers to bilateral and multilateral inter-

national collaborations are disparate standards for scientifi c merit 
review and differences in the infrastructures that ensure professional 
ethics and scientifi c integrity. These factors are further exacerbated 
by cultural differences that arise from the large range of social per-

spectives and stages of national development. In addition, given the 
volume and speed with which unvetted data and information are gener-

ated and disseminated, there has never been a greater urgency to develop 
shared principles to address the delicate balance between the openness of sci-

entifi c information and rigorous merit review that is built on a strong ethical foun-
dation. To begin to address these issues, the world needs collectively developed global prin-
ciples and procedures for scientifi c merit review. As a step in this direction, a global Merit 
Review Summit will convene in May 2012 in Washington, D.C., led by the U.S. National 
Science Foundation.

Although funding for U.S. and European S&E research is threatened by strained econo-
mies, U.S. and European universities continue to have a leading role in the international 
S&E innovation ecosystem and they are key drivers in emerging trends in science. In the 
United States, this success has relied on the competitive merit review mechanisms that fed-
eral science-funding agencies have developed and refi ned over the past 60 years for sup-
porting fundamental research. 

Deliberate institutionalization of both rigorous merit review and infrastructure for 
ensuring scientifi c ethics and integrity is essential in the international arena. Advances 
in these two areas will promote healthy multilateral collaborations, as U.S. institutions of 
higher learning and private organizations increasingly establish campuses, research cen-
ters, and joint degree programs abroad. This expansion, coupled with the increased interna-
tional mobility of students and researchers, has enhanced the opportunities for harnessing 
diverse talents to pursue innovative projects. 

The 2012 summit will develop a foundation for international scientifi c collaboration, 
elucidating acceptable merit review principles. A subsequent goal will be to establish 
mechanisms that put them into practice. It is hoped that this summit will lead to a perma-
nent, but virtual, Global Research Council to promote the sharing of data and best practices 
for high-quality collaboration. With strong support from the White House and the U.S. 
State Department, as well as the international enthusiasm expressed for the summit, we are 
optimistic that practical approaches will be developed for the good of science everywhere. 
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C L I M A T E  S C I E N C E

A Reason to Surge

Heinrich events—massive, episodic iceberg 

discharges from the Laurentide Ice Sheet 

into the north Atlantic Ocean during the last 

glacial period—once were thought to be the 

consequence of internal ice sheet stability: 

the inability of the ice sheet to remain intact 

after having grown to a particularly large size. 

Support for this view has eroded over the past 

decade, however, and the suggestion that the 

events are instead the consequence of external 

causes, such as solar variability or the addition 

of glacial meltwater into the adjacent surface 

ocean, have gained favor. Marcott et al. add to 

that line of thought, with a combination of data 

from benthic foraminifera and results from a 

climate-model simulation, which suggest that 

basin-wide subsurface warming occurred at the 

same time as large reductions in Atlantic deep 

circulation, with subsurface temperature increas-

ing by approximately 2° C during the 1000- to 

2000-year interval before a Heinrich event. Such 

a temperature rise would erode the fl oating ice 

shelves that buttress terrestrial ice streams, and 

produce massive iceberg discharges. This fi nding 

could have important implications about how 

these ice sheets might behave in the future in 

our warming climate. — HJS

Proc. Natl. Acad. Sci. U.S.A. 108, 10.1073/

pnas.1104772108 (2011).

E C O L O G Y

A Little Knowledge Could 

Go a Long Way

The hunting of wild animals for meat is a threat 

to many species. Hunting of large fruit bats oc-

curs throughout the Paleotropics, with some es-

timated harvest rates nearing 75% in a single 

season. Tropical bat populations are especially 

vulnerable to high harvest levels because 

of their low reproductive rates. Fruit 

bats are the primary pollinators 

and seed dispersers for many 

tropical forest trees, in-

cluding several with 

high economic 

importance; 

thus, their loss 

could have 

substantial ecosystem effects. Harrison et al. 

estimated the infl uence of hunting on fruit bats 

within a large area of Indonesia, by interview-

ing bat hunters and sellers about hunting 

P H Y S I C S

Breaking the Law

Conduction of heat in solids is often achieved 

through the same means as electrical conduc-

tion—via charge carriers—and materials 

that are good electrical conductors (such as 

metals) also tend to conduct heat effi ciently. 

For metals, the ratio between the thermal and 

electrical conductivities is determined by the 

Wiedemann-Franz (WF) law. However, in one-

dimensional systems, a distinct state known as 

the Tomonaga-Luttinger (TL) liquid is predicted 

to occur, wherein the spin and charge degrees 

of freedom of an electron separate into spinons 

and holons; because heat is conducted by both 

but electricity only by holons, a violation of the 

WF law may occur. Wakeham et al. report such 

a violation in the purple bronze Li0.9Mo6O17, 

which is a conductor consisting of weak-

ly interacting one-dimensional chains. 

The violation they fi nd is as large as a 

factor of 100,000 at the lowest temper-

atures accessed and consistent with the 

scenario of spin-charge separation in a 

TL liquid, even though the material is only 

approximately one-dimensional. If, as the 

authors speculate, its TL liquid nature is a 

result of strong correlations within the chains, 

it may be possible to tune the dimensionality 

of the system, and thus effectively recombine 

spinons and holons, by appropriate chemical 

substitution. — JS

Nat. Commun. 2, 10.1038/ncomms1406 (2011).

U R B A N  P L A N N I N G

Loud Enough?

There’s a lot to think about when you try to plan an urban expansion. Is there enough water, 
and infrastructure to pump it around? What about electricity? What traffi c patterns work best?  
What will the balance be between housing and commercial real estate? Amid all of these con-
siderations, one critical factor may fall by the wayside—how loud will it be? Noise pollution 
is a rather complicated function of the surroundings, and as a result it can be hard to model 
and mitigate. Of course, that’s little consolation to the residents. In an effort to better fore-
cast the noise implications of urban growth, Xie et al. adapt a land-use regression framework 
previously applied to modeling air pollution. Their geographical focus is Dalian Municipality 
in Northwest China, which currently hosts two million people. The model fi ts measured sound 
pressure levels as a function of different land-use allocations (such as industrial or residential) 
within successive buffer perimeters (from 20 m radius outward). Given promising overall re-
sults, the authors note that buffer sizes could potentially be optimized further and that future 
models could hone the time scale over which the forecasting is valid. — JSY

Environ. Sci. Technol. 45, 10.1021/es200785x (2011).

http://www.sciencemag.org
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practices and consumer demand. They found 
evidence that bat populations are declining in 
the face of unregulated and aseasonal harvest 
and that hunting and demand are not abat-
ing, despite the apparent declines. Moreover, 
responses indicated that the practice may 
endanger the lives of humans involved in the 
bat trade: both hunters and vendors reported 
being bitten but were largely unaware that 
fruit bats can carry Nipah viruses. The authors 
suggest that educating local people about 
both the risks of fruit bat consumption and the 
ecological importance of bats, in addition to 
more formalized protections, could benefi t not 
only the bats and the forest but the people of 
the region as well. — SNV 

Biol Conserv. 144, 10.1016/

j.biocon.2011.06.021 (2011).

B I O M E D I C I N E

A Foothold on Renal Disease

Focal segmental glomerulosclerosis (FSGS) is 
a common kidney disorder in which many pa-
tients progress to end-stage renal disease that 
requires dialysis treatment. FSGS is character-
ized by the abnormal loss of serum proteins 
through the urine, caused by malfunction of the 
kidney’s glomerular fi ltration barrier. Podo-
cytes, specialized epithelial cells with foot-like 
processes, are key structural constituents of this 
fi lter, but how these cells help maintain the in-
tegrity of the fi lter is incompletely understood.

Data from two studies support the growing 
view that the podocyte cytoskeleton is crucial 

to the proper functioning of the glomerular 
fi ltration barrier and that its destabilization can 
cause FSGS. Mele et al. fi nd that two families 
with a hereditary form of FSGS carry mutations 
in MYO1E, a gene coding for a nonmuscle, 
membrane-associated myosin in podocytes that 
normally colocalizes with a protein implicated 
in cytoskeletal remodeling; this colocalization 
is disrupted by the disease-causing mutations. 
Fornoni et al. study a drug that has shown 
therapeutic effi cacy in FSGS and show that 
its benefi cial activity is due to an off-target 
effect: stabilization of the actin cytoskeleton in 
podocytes. — PAK 

 N. Engl. J. Med. 365, 295 (2011);

D E V E L O P M E N T

Don’t Stress Out

During pregnancy, increases in maternal stress, 
whether physical or psychological, can affect 
fetal growth. In a stressful situation, steroid 
hormones called glucocorticoids often increase, 
and this elevation is known to affect offspring 
birth weight and organ development. Gluco-
corticoids can also alter gene expression and 
protein transport in the placenta, but how this 
affects fetal development and whether there 
are differential affects depending on the sex 
of the offspring is not as well understood. 
O’Connell et al. examined this by treating mice 
with a synthetic glucocorticoid, dexamethasone, 
mid-gestation. Early responses to glucocorti-
coid exposure were similar between the sexes; 
however, at later time points, sex-dependent 
effects on the placental structure and in gene 
expression were observed. These differential 
effects of glucocorticoids on the placenta may 
explain how maternal responses to environmen-
tal and hormonal challenges during pregnancy 
may contribute to differences among the sexes 
later in life. — BAP 

Biol. Reprod. 85, 10.1095/

biolreprod.111.093369 (2011).

P L A N T  S C I E N C E S

Heading Toward the Light

Bioengineering of eukaryotic algae might soon 
be a means to provide biofuel sources that may 
supplement petroleum products. One potential 

biofuel source is the algae Chlamydo-

monas reinhardtii. The full genome of C. 

reinhardtii is available, but a systems-
level understanding of its growth and de-
velopment, including its response to light, 
warrants further investigation. Chang et 

al. present a genome-scale metabolic 
network reconstruction of C. reinhardtii 
that includes a genome-wide functional 

annotation of metabolic genes, an experimental 
verifi cation of transcripts across the genome, 
and a quantitative accounting of its response 
to multiple light conditions and photosynthesis 
in metabolism. This work details light usage 
under different conditions and could be used 
to design and evaluate the production of target 
biological products as a function of light-source 
effi ciencies. The additional understanding of 
the light response by C. reinhardtii could affect 
biofuel and other metabolic engineering ap-
plications in addition to adding to fundamental 
quantitative insights into how photosynthesis 
drives cellular metabolism. — LMZ 

 Mol. Syst. Biol. 7, 518 (2011).

Continued from page 803
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Fast. Accurate. EASY.

The Octet RED system is
a workhorse in our lab
that provides reliable
small molecule-protein
binding kinetics and
affinity data in a fast,
easy label-free assay.

James Delproposto,
Research Associate,
Life Sciences Institute
University of Michigan

Out of the core lab, onto your benchtop

Measure concentration, kinetic and

affinity constants and generate SPR-

quality data right on your benchtop

Label-free kinetic characterization

in a fewminutes!

Complete experiments in minutes rather

than days using a Dip and Read™ assay—

setup requires only pipeting reagents

into a 96- or 384-well microplate

Direct quantitation assays for

antibodies and other proteins

Replace HPLC and ELISA with Octet to

measure antibody and other protein

concentrations in crude samples

accurately without secondary reagents

Visit www.fortebio.com or call
888.OCTET-75 today to
learn more about the Octet
platform.

Why Does Academia

Prefer Octet For

Label-Free Protein

Characterization?
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proposals than it can handle, says Michael 

Doser, a physicist at CERN and the lone 

scientist on the board. “Some of these are 

great and some of them are not so great, and 

it will be really helpful to have a board that 

can pick the best ones.” Each year one or two 

projects will receive a letter from the board 

expressing CERN’s interest; the artists must 

scrape up their own funding.

The board will also weigh in on archi-

tectural issues at the lab and will help 

select artists in residence for a program that 

CERN will soon start. Other board mem-

bers include the directors of Switzerland’s 

Kunsthalle Zurich museum and France’s 

Lyon opera house.

London 3

U.K. Needs to Stop ‘Muddling’ 
on Gene Patents, Says Report
In a report on intellectual property and DNA 

diagnostics, the Human Genetics Commis-

sion, an independent group that advises the 

U.K. government, urged health and research 

institutions to “stop muddling” on gene pat-

ent laws and develop a coherent policy—

and soon. The report found that doctors and 

researchers in U.K. public institutions have 

mostly ignored biotech companies’ patents 

on numerous genetic tests, often developing 

their own “homebrew” tests to avoid pay-

ing royalties. It might be only a matter of 

time, said policy expert Michael Hopkins of 

the University of Sussex, before a company 

tries suing the U.K. National Health Service 

for years of back royalties. At the report’s 

launch, however, others defended the evasion 

of gene patents: Gail Norbury, governance 

director of genetics laboratories at Guy’s 

Hospital in London, called them “unaccept-

able, unenforceable, and detrimental.”

http://scim.ag/UKgenepatents

Mexico City and Washington, D.C. 4

FDA Approves First Scorpion 
Antivenom
Campers in scorpion 

country can sleep a little 

easier. A new drug this 

week became the fi rst 

scorpion venom treat-

ment to be approved 

by the U.S. Food and 

Drug Administration (FDA). 

The drug, called Anascorp, was developed 

by researchers at the National Autonomous 

University of Mexico in 

Mexico City and has proven to be enor-

mously effective in treating scorpion stings 

in clinical trials conducted in the United 

States since 2004. According to FDA, 

about 8000 people in Arizona are stung by 

scorpions each year; in Mexico, the num-

ber is nearer 250,000. Stings from the most 

deadly species, if left untreated, can cause 

convulsions and even death.

The clinical study, published in The 

New England Journal of Medicine in 2009, 

found that Anascorp quickly reversed the 

effects of scorpion stings in young children, 

who are especially susceptible to breathing 

diffi culties caused by the scorpion’s para-

lysing neurotoxin.

Italy 1

All in the Academic Family

Nepotism is rampant in Italian academia—

and medicine and industrial engineering are 

among the most inbred disciplines, accord-

ing to a statistical study published 4 August 

in PLoS ONE.

Study author Stefano Allesina, an Ital-

ian researcher in the Department of Ecology 

and Evolution at the University of Chicago 

in Illinois, used a public database of Italian 

researchers to ground-truth abundant anec-

dotes of nepotism in Italian academia.

The database listed the fi rst and last 

names of about 61,340 tenured professors 

along with their institutions, departments, 

and disciplines. Allesina compared the actual 

number of last names in the database with 

the number of last names likely to crop up in 

a particular discipline by chance.

He found “a severe paucity of names,” 

primarily in engineering, law, medicine, 

geography, and pedagogy. Linguistics, 

demography, and psychology had the low-

est probability of nepotism. Allesina notes 

that his analysis is also an underestimate, 

because it does not take into account cases 

in which female professors hire close male 

relatives, as Italian academic women typi-

cally keep their maiden names.

http://scim.ag/Italynepotism

Geneva 2

Particle Physics Lab Launches 
Arts Board
The European particle physics labora-

tory, CERN, near Geneva, Switzerland, has 

formed a fi ve-member Cultural Board for 

the Arts to evaluate proposals from artists 

interested in working with or at CERN.

The lab already receives more artistic 

>As part of the continuing fi nancial fall-
out from the Fukushima disaster, on 
3 August the U.K. Nuclear Decommis-
sioning Authority announced the closure 
of the 15-year-old nuclear reprocessing 

plant in Sellafi eld. The plant, which recy-
cled used plutonium and uranium into 
mixed oxide fuel, could no longer afford 
to operate without the demand for MOX 
fuel from Japan, its largest customer.

NOTED

3

1

2
4

AROUND THE WORLD

CERN’s “Cosmic Song” is a work 
of art and a cosmic ray detector.

http://www.sciencemag.org
http://scim.ag/UKgenepatents
http://FOTOSEARCH.COM
http://scim.ag/Italynepotism
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Lab-Grown Sperm Make Mice

Scientists studying reproduction and fertil-

ity have long hoped that embryonic stem 

(ES) cells, which in theory can produce all 

of the body’s cell types, could produce viable 

sperm and eggs. Now a Kyoto University 

group has turned mouse ES cells into sperm 

precursor cells—and the resulting sperm 

produced normal mouse pups. 

Sperm and eggs develop from primor-

dial germ cells in early stage embryos in 

a mass of cells called the epiblast. The 

researchers found a way to culture mouse 

ES cells to produce epiblastlike cells that 

they could keep alive for only 
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Mastodons in the Smithsonian (Sort of) 

The American artist and naturalist Charles 
Willson Peale famously helped unearth a mast-
odon in 1801. That skeleton isn’t on display at 
the Smithsonian American Art Museum in Wash-
ington, D.C., but Peale’s painting of the dig, 
The Exhumation of the Mastodon (left), is there, 
side-by-side with 160 other art pieces and sci-
entifi c relics. Together they convey a 19th cen-
tury sense of the wonder and vastness of Amer-
ica, when everything in the country seemed 
huge: giant redwood trees, giant falls at Niag-
ara, giant herds of buffalo, giant trains, and 
giant fossils. The newly opened Great American 
Hall of Wonders exhibition, on display through 
8 January 2012, tries to capture this American 
sense of optimism and excitement about its own 
ingenuity, as exemplifi ed by Peale himself. 

THEY SAID IT

“ I am shocked by Mark and 

Olly’s … gross misrepresen-

tations of Matsigenka culture, 

and their disregard for con-

sequences infl icted on native 

communities. … I wonder 

what Living with the Machi-

genga was modeled on. Borat 

comes to mind.”

—Anthropologist Glenn Shepherd 
accusing a reality TV show that aired on 
BBC of falsifying scenes and mistransla-

tions to make an Amazonian tribe appear 
to be “sex-obsessed, mean savages.”

The Mystery of the Missing 
Fingerprints

In 2007, a Swiss woman in her late 20s try-

ing to cross the U.S. border ran into a snag: 

When customs agents scanned her hands, 

they discovered she had no fi ngerprints.

The woman had an extremely rare condi-

tion known as adermatoglyphia (ADG)—

dubbed “immigration delay disease” by 

Peter Itin, a dermatologist at the University 

Hospital Basel in Switzerland. Nine mem-

bers of the woman’s extended family also 

lacked fi ngerprints, so Itin and his colleagues 

suspected that the cause might be genetic. 

The researchers compared the genomes of 

the family members with ADG with those 

of members who had normal fi ngerprints, 

and found differences in 17 regions close 

to genes. Then they sequenced these genes, 

expecting to identify the culprit.

They didn’t fi nd anything in those 

sequences. But an online database of rare 

DNA transcripts from the suspect regions 

included one very short sequence that 

overlapped with part of a gene called 

SMARCAD1—a gene expressed only 

in the skin.

When the researchers sequenced 

SMARCAD1, their suspicions were con-

fi rmed: The gene was mutated in the fi n-

gerprintless family members, but not in 

the other family members, the researchers 

reported 4 August in The American Journal 

of Human Genetics. http://scim.ag/_ADG
 

Lab Chimps Aren’t Scrooges

It’s long puzzled primatologists: In the wild, 

chimpanzees share food they catch, but in lab 

experiments they turn tight-fi sted. Compara-

tive psychologist Victoria Horner of Emory 

University in Atlanta thought she knew why: 

The experimental setups were just too con-

fusing for the animals to behave naturally—

“tables with pulley systems and whatnot.”

With colleagues at Emory, Horner 

devised a new, “more chimpy” way to test 

the primates’ generosity. They found that 

chimps trained to buy bananas with colored 

pieces of PVC pipe chose to get fruit for 

both themselves and a partner more often 

than not. The results, reported online in the 

Proceedings of the National Academy of Sci-

ences, mean that this kind of generosity isn’t 

a uniquely human trait, Horner says, and will 

help researchers study altruism in chimps 

and how it evolved. http://scim.ag/labchimps >>

FINDINGS

http://www.sciencemag.org
http://scim.ag/_ADG
http://scim.ag/labchimps
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BY THE NUMBERS

20 Number of years arXiv, the 

electronic bulletin board of unpub-

lished physics papers, has been 

around. 

145 Number of cubic kilometers 

of groundwater humans extracted 

each year from 2000 to 2008, 

according to calculations reported 

in Geophysical Research Letters. 

That loss to the oceans accounted for 

13% of reported sea level rise.

1 in 11 Chance that a woman 

with a faulty copy of the gene 

RAD51D will develop ovarian 

cancer, according to a study in 

Nature Genetics.

>>FINDINGS 

several days. (Previous researchers had 

produced epiblast stem cells that could 

regenerate in a dish for long periods of 

time—but those cells seem to have lost 

their ability to form germ cells.) The 

2-day-old cells, however, generated pri-

mordial germ cell–like cells that, when 

injected into the testes of mice unable to 

produce their own sperm, matured into 

sperm that could fertilize eggs in vitro. 

When implanted into surrogate mothers, 

the resulting embryos produced normal 

offspring, the researchers reported online 

4 August in Cell.

Such research may eventually lead to 

treatments for human male infertility. But 

that will require resolving several “very dif-

fi cult” technical and ethical issues, says stem 

cell biologist Mitinori Saitou, leader of the 

Kyoto team. http://scim.ag/_stemsperm

Random Sample

A Bad Day for Goodyears

Bison and junkyard tires have something in 
common: Both go thunk when they plum-
met off a cliff. That observation comes via 
researchers at the University of Arizona in 
Tucson, who recently engineered a Good-
year massacre, rolling about 20 tires off a 
steep drop in western Montana.

The rubber slaughter was an attempt 
to recreate the fi nal few seconds of a tra-
ditional bison hunt by ancestors of the 
Blackfeet tribe of Montana. By  1000 C.E. 
(and continuing until at least 1600 C.E.) 
the hunters were using a powerfully effec-
tive strategy: They fi rst spooked the bison 
herds and then directed them down a hill 
toward a 25-meter-high cliff.

As part of a larger study of prehistoric 
bison hunting societies in the Northern 
Great Plains, archaeologist María Nieves Zedeño and her colleagues wanted to reconstruct 
the bison kill sites and examine the physics of these “bison jumps” fi rst-hand. Pondering a 
substitute for the bison that wouldn’t enrage PETA, one of her team members, a member of 
the Blackfeet tribe, suggested tires. “There are quite a lot of abandoned tires lying around the 
reservation,” says Zedeño.

Tires are a pretty good substitute, Zedeño says: Like bison, tires are heavy and build up good 
speed on their downhill run (the tires rolled at up to 20 kilometers per hour, compared with an 
estimated 30 kilometers per hour for a bolting bison). Old animal bones near the foot of the 
cliff suggest that the falling bison used to land up to 10 meters away from the cliff face. And, 
as Isaac Newton would no doubt be happy to hear, the tires landed in roughly the same spot.
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U.S. Women in Science Work for Less

College-educated women with jobs in science and technology fi elds in the United States 
are paid 12% less than their male colleagues, according to a new government study. The 
good news, says Acting Commerce Secretary Rebecca Blank, is that the gender pay differ-
ential is smaller than in non-STEM (science, technology, engineering, and mathematics) 
areas. And it’s the smallest—only 7 cents—in engineering, the fi eld where women are 
historically the most underrepresented. But those caveats may not be much consolation to 
women who have earned the same degrees, have similar experience, and work in the same 
geographic area—factors that the Department of Commerce’s Economics and Statistical 
Administration (ESA) took into account in doing its fi rst-ever study of women in the STEM 
workforce. The 11-page analysis, using data from the 2009 American Community Survey, 
is available on the ESA Web site.  http://scim.ag/WomenSTEM

Mice from embryonic stem cell–derived sperm.

http://www.sciencemag.org
http://scim.ag/_stemsperm
http://scim.ag/WomenSTEM
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It took 5 years of political wrangling, but 
early in 2010 scientists working with the 
United Nations Environment Programme 
(UNEP) began venturing out in guarded con-
voys to survey Nigeria’s oil-rich and politi-
cally volatile Ogoniland coastal region. Their 
task: to assess the contamination created by 
more than 50 years of oil production in hopes 
of catalyzing efforts to clean up what some 
experts believe is one of the world’s most 
polluted oil fi elds. Sometimes, however, the 
researchers arrived at a study site only to be 
turned away by angry landowners. At others, 
they found their sampling equipment vandal-
ized and useless.

Despite such setbacks, last week the 
UNEP team released its long-awaited analy-
sis of this sliver of the massive Niger Delta, 
which is home to more than 800,000 people. 
The study concludes that oil pollution has 
“penetrated further and deeper than many 
have supposed” and calls on industry and 
government to take “emergency measures” 
to protect residents from dangerously con-
taminated water supplies. It will take at least 
$1 billion and 30 years to restore mangrove 
forests smothered by slicks and soils soaked 
in sludge, the researchers estimate, poten-
tially making Ogoniland one of the world’s 
biggest cleanup projects. And they conclude 
that responsibility for the continuing spills is 
shared by oil companies, which have failed to 
maintain facilities, and local oil thieves who 
puncture pipelines and hijack wells.

The sobering findings, however, don’t 

appear to have dampened a long-running 
confl ict over who is most to blame—and who 
should pay for the cleanup. “I’m not optimis-
tic that the multinationals and government 
will change their ways of operating,” said 
Nnimmo Bassey, director of Environmental 
Rights Action, one of several Nigerian advo-
cacy groups that gave the 5 August report a 
mixed reception.

“All spills are bad,” said Mutiu Sunmonu, 
managing director of the Shell Petroleum 
Development Co. (SPDC), which shut down 
its Ogoniland wells in 1993 as a result of 
political violence. SPDC will back a cleanup, 
he said in a videotaped statement, “but until 
effective action is taken to stop all illegal 
activities, there is little that can be done to 
bring an end to the problem.”

Nigerian President Goodluck Jonathan 
welcomed the “comprehensive” report but 
made no specifi c commitments, calling on 
the U.N. to help resolve the environmental 
quagmire.

Shell and other oil fi rms began tapping 
Ogoniland’s abundant reserves in the 1950s, 
but little wealth flowed to local residents, 
and the associated environmental damage 
helped stir unrest. In the 1990s, local groups 
attacked pipelines and wellheads, leading to 
Shell’s pullout and government executions of 
Ogoni leaders. In 2006, Nigeria asked UNEP 
to conduct its assessment as part of a politi-
cal reconciliation effort, but many Ogoni 
doubted that the study would be impartial, in 
part because Shell is one of its major funders. 

The roughly 100 Nigerian and inter-
national scientists and technicians on the 
UNEP team “did a magnifi cent job, consid-
ering that they were working under some 
very diffi cult security and operating con-
ditions,” says plant biologist Nick Brown 
of the University of Oxford in the United 
Kingdom, who decided against joining the 
fi eldwork due to security concerns but did 
help review the final report. Overall, the 
researchers examined more than 200 sites, 
collected more than 4000 air, water, soil, 
and environmental samples, and surveyed 
122 kilometers of oil pipelines. They also 
reviewed more than 5000 medical records.

Some of the results are “horrifying” and 
“unprecedented,” Brown says. The wells 
serving at least 10 Ogoni communities, for 
instance, have unsafe levels of hydrocarbons; 
one well had levels of benzene, a known car-
cinogen, that were 900 times greater than 
those deemed safe by the World Health 
Organi zation. In some areas, the researchers 
measured 8 centimeters of oil fl oating on top 
of groundwater and oil-soaked soils 5 meters 
deep. “Areas which appear unaffected at the 
surface are in reality severely contaminated 
underground,” the report concluded. In one 
bit of good news, the researchers concluded 
that spilled oil had not tainted local fish, 
a major source of protein, although it had 
ruined numerous fi sh farms.

There’s no easy or quick way out of the 
mess, the report concludes. It urges eight 
“immediate” steps to ensure safe drinking 
water, including marking unsafe wells, pro-
viding alternate supplies, and monitoring 
the health of residents who have been drink-
ing the most contaminated water. Industry 
needs to fi x its deteriorating infrastructure, 
and residents end illegal refining, it adds. 
And the Nigerian government should create 
a new Ogoniland Environmental Restora-
tion Authority, backed by a $1 billion fund, 
to tackle a wide range of monitoring and 
cleanup efforts. A new Ogoniland training 
center would help create a homegrown corps 
of monitoring and restoration specialists.

Shell recently agreed to pay damages for 
several recent spills, but neither the company 
nor the government has said what it would 
contribute to Ogoniland restoration. And 
even if the funding is found, “I’m not sure 
anyone has experience dealing with this level 
of damage,” Brown says.  –DAVID MALAKOFF

With reporting by Natalie Villacorta and Erik Stokstad.C
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Landmark Study Reveals 
An Oil Quagmire
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Big mess. UNEP researchers examine site of an oil 

pipeline spill that damaged Ogoniland mangroves.
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As the ink dried last week on the hard-fought 
budget agreement between the Obama 
Administration and Congress that raised 
the U.S. debt ceiling to avert a government 
default, federal science agencies, universi-
ties, and researchers were left wondering 
what it all means. The only sure bet is that 
the tortuous, two-step process to shrink the 
defi cit by $2.1 trillion over the next decade 
will be a bonanza for lobbyists. Research 
advocates say their initial response to the 
Budget Control Act of 2011 that became 
law on 2 August is one of cautious optimism 
about the immediate future—and apprehen-
sion about the longer-term prospects.

“I’m not so concerned 
about 2012,” says William 
Bonvillian of the Massa-
chusetts Institute of Tech-
nology’s federal relations 
offi ce in Washington, D.C. 
“And the [spending] cap 
for 2013 is pretty decent, 
although [Congress] could 
go back and revise it. How-
ever, I’m very concerned 
about 2014 and beyond.” 
In his worst-case scenario, 
Michael Lubell, a lobbyist 
for the American Physical 
Society (APS), calculates 
across-the-board cuts of 
11% to discretionary pro-
grams—including nearly 
all research activities—
starting in 2013, although another university 
lobbyist forecasts a reduction of only 7%.

What is keeping Bonvillian and other sci-
ence advocates up at night is how lawmakers 
will interpret this novel attempt to whittle 
down the current $1.5 trillion annual defi -
cit. In addition to promising some $917 bil-
lion in spending cuts over the next decade, 
the new law sets up a special bipartisan con-
gressional panel to recommend even more 
reductions in the defi cit—perhaps through a 
combination of savings and tax increases. If 
there is no agreement on that second round 
of belt-tightening, mandatory reductions 
would be applied equally to defense and 
domestic programs, although some domes-
tic programs would be protected.

Research was not exempted, but science 
lobbyists take comfort from the fact that, as 
is often the case, Congress has postponed the 
pain. The nonpartisan Congressional Budget 
Offi ce estimates that last week’s debt ceiling 

deal will shave only $21 billion from the cur-
rent $3.5 trillion federal budget in fi scal 2012, 
which begins on 1 October.

The budget agreement basically freezes 
discretionary spending for the next 2 years. 
The $1.043 trillion for discretionary spend-
ing in 2012 is only $7 billion below what was 
hammered out this spring in the so-called 
continuing resolution for 2011 that belat-
edly funded all federal agencies (Science, 
15 April, p. 291). And it’s $24 billion more than 
the spending cap set earlier this year by the 
Republican-led House of Representatives in 
its own 2012 budget resolution, which is now 
superceded by the new agreement. (Depend-

ing on how the fi gure is calculated, research 
and development constitutes roughly 12% of 
all discretionary spending.) The spending cap 
would inch up to $1.047 trillion in 2013 and 
then rise by $20 billion to $25 billion each 
year through 2021.

While the stagnant pool of money is hardly 
good news for U.S. researchers, it’s a lot better 
than the pledge by the new House leadership 
to roll back spending to 2008 levels. Presi-
dent Barack Obama has said enough money 
remains to boost education and research pro-
grams, although the agreement doesn’t spell 
out how the money will be allocated across 
federal agencies.

In the meantime, lobbyists are hoping 
that the House will raise its 2012 spend-
ing levels to conform to the new agreement 
and restore funding for some programs that 
might otherwise feel the ax. Last month, for 
example, the House spending panel over-
seeing several science agencies voted to 

stop building NASA’s troubled James Webb 
Space Telescope (Science, 15 July, p. 275) 
and to fl at-fund the National Science Foun-
dation despite the president’s request for a 
13% boost. The full House held the Depart-
ment of Energy’s (DOE’s) Offi ce of Science 
budget steady despite a presidential request 
for a 12% increase.

The House is not required to be more gen-
erous; the debt agreement sets spending ceil-
ings, not fl oors. Budget hawks, including the 
large and vocal Republican freshman class 
and the Tea Party movement, will certainly try 
to hold the line. Given that expected intran-
sigence, science advocates are hoping that 

the Senate, which seems 
certain to add the “extra” 
$24 billion to its appro-
priations allocations, will 
use some of the money for 
research activities. 

Indeed, last week 
APS’s executive board 
urged Congress to restore 
funding for the Webb 
telescope, saying that its 
“potential to transform 
astronomy … deserves 
special attention.” APS 
also made the case for sev-
eral large DOE facilities 
that it said were vulner-
able to cuts, including the 
ITER fusion reactor being 
built in France and a rare-

isotope accelerator scheduled to break ground 
next year at Michigan State University.

How the House and Senate will reconcile 
their 2012 spending priorities is anybody’s 
guess. The bigger fi ght to watch, however, 
may come over the defi cit-trimming recom-
mendations for 2013 and beyond from the 
special 12-person congressional committee, 
due out around Thanksgiving and scheduled 
to be approved by Congress before Christ-
mas. Many political observers are already 
predicting the panel won’t reach an agree-
ment and that the automatic cuts, called 
sequestration, will kick in.

Bonvillian, who was a longtime congres-
sional aide, thinks there are simply too many 
variables, including a presidential election, 
to even hazard a guess beyond 2012. If he’s 
right, the annual budget roller-coaster ride 
will become even bumpier for the U.S. sci-
entifi c community.

–JEFFREY MERVIS  S
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The debt agreement allocates $7 billion less for 

discretionary programs in 2012 than in 2011 (1 and 

2), although the House voted previously to spend 

$31 billion less next year. It also dictates the split 

between overall defense and domestic spending 

levels, although only through 2013 (3). After that, 

the spending ceiling would rise at very modest rates 

through 2021 (4). 
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PORTLAND, OREGON—A federal judge here 
has said that the U.S. government needs to 
do more to improve the habitat of endan-
gered salmon and steelhead in the Columbia 
River Basin. Last week’s decision by U.S. 
District Judge James A. Redden refocuses 
attention on what scientists have learned 
about the likely impact of taking more dras-
tic measures, including removing dams and 
increasing spill rates.

The recovery plan, known as a biologi-
cal opinion, was developed by the National 
Oceanic and Atmospheric Administra-
tion’s National Marine Fisheries Service. 
It relies on improving degraded river habi-
tat to help 13 species of salmon and steel-
head already listed for protection under the 
Endangered Species Act, all of which must 
swim their way past some of the 14 dams on 
the Columbia and four on the lower section 
of the Snake River to reach their spawning 
grounds. In sending back a plan for the third 
time in the past decade, Redden asked for a 
revised recovery plan by 2014.

But improving their habitat may not be 
enough to help the fish recover, fisheries 
biologists say. “You can’t habitat yourself out 
of the dilemma that the dams and reservoirs 
have caused,” says Ed Bowles, head of the 
Oregon Department of Fish and Wildlife in 
Salem. As evidence, Bowles compares fi sh 
runs in the Minam River in northeastern Ore-
gon with those in the John Day River in cen-
tral Oregon. Fish must pass eight dams to get 
to the largely pristine habitat of the Minam, 
while they encounter only three dams to 
reach the John Day habitat, which Bowles 
says is “far more degraded.” Even so, adult 
returns in the John Day are two to fi ve times 
that of those in the Minam, Bowles says. 

Bowles and others say plenty more can 
be done to help fi sh in the Columbia River 
Basin. The most drastic step would be to 
take out the four dams on the lower sec-
tion of the Snake River. Taking out the dams 
would restore “some of the best historic 
salmon habitat in the basin,” says David 
Ward, a fi sheries biologist in Portland and 
president elect of the Western Division of 
the American Fisheries Society, which in 
June renewed its call for tearing out the 
lower Snake River dams.

Those dams generate an average of 
1200 megawatts of hydroelectric power and 
enable barge transport to reach Lewiston, 
Idaho. But the dams produce only 4% of the 
region’s power, Ward notes, and most of that 

power is generated during the peak spring 
runoff, when hydropower is plentiful. 

A 2002 study by the U.S. Army Corps 
of Engineers concluded that breaching 
the dams—removing the earthen sections 
although leaving the abandoned turbines 
intact—would not be enough to allow 
the listed salmon and steelhead stocks 
to recover. The corps also tallied a net 
$267 million annual loss, thanks to lower 
hydropower revenues and increased trans-
portation costs to farmers.

Environmental groups said the corps 
study ignores the additional tourism and 
alternative energy jobs that would follow 
removal of the dams. The RAND Corp. 
concluded in 2002 that breaching the dams 
could be done “without creating nega-
tive economic consequences,” and in 2006 
an analysis commissioned by a collec-
tion of fi shing organizations and environ-
mental groups reached a similar conclusion, 
although an independent science panel later 
faulted some of its assumptions. 

Removing the lower Snake River dams 
isn’t the only more-aggressive option. 
Increasing the release of water, or spill, 
through dams during late spring and sum-
mer, when juvenile fi sh are trying to make 
their way to the ocean, would help fi sh pass 
the dams more quickly. They can also avoid 
traveling through the turbines, whose blades 
can injure fi sh and whose drastic pressure 
changes can cause delayed mortality.

In several previous rulings, Redden has 
required dam operators to increase spill 
during salmon smolt migrations. A fish-

monitoring organization called the Fish Pas-
sage Center (FPC) in Portland has tracked 
the numbers of fish migrating throughout 
the Columbia Basin since the early 1980s. In 
a fi nding, issued last month, FPC research-
ers found that higher spill rates signifi cantly 
increase survival rates of juvenile salmon and 
steelhead, cut travel times to the ocean by as 
much as half, and resulted in more returning 
adults 2 and 3 years later. “The spill program 
has been really successful,” says FPC man-
ager Michele DeHart. 

Another option is to draw down reservoirs 
to make them easier to cross. The smaller 
reservoirs would also allow longer portions 
of the affected rivers to return to nature and 
speed their fl ow, which also helps juveniles 
migrate out to sea. The Columbia and Snake 
River dams have slowed the time it takes 
water to travel the length of the river 20-fold, 
Bowles says. That means the fi sh must work 
harder to make their way to the ocean and are 
more vulnerable to predators along the way. 

In 1992, the Army Corps of Engineers 
dropped reservoir levels by up to 11 meters 
in a “drawdown test” of the reservoirs behind 
Lower Granite and Little Goose dams on the 
Snake. Although it didn’t measure the effect 
on fi sh, the corps found that the velocity of 
the water in the rivers upstream of the reser-
voirs “increased substantially.” 

It remains unclear whether Redden will 
ultimately require hydropower operators 
to include such measures in their efforts to 
restore Columbia River Basin fi sh stocks. 
However, Bowles says, “there’s quite a bit 
more we can do.”  –ROBERT F. SERVICEC
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Rejected Salmon Plan Could Bring Changes to U.S. Dams 

F I S H E R I E S  S C I E N C E

Go with the fl ow. Increased spring and summer spill from Columbia River dams helps juvenile salmon make 

it to sea but reduces the power generated.
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Last week, the Department of the Interior 
(DOI) conditionally approved Shell Oil Co.’s 
plans to begin drilling four exploratory wells 
in the Arctic Ocean in 2012—a key step 
toward opening the Alaskan Outer Continen-
tal Shelf (OCS), one of the world’s most pris-
tine and inhospitable marine environments, 
to oil and gas development. In granting its 
approval, the DOI’s Bureau of Ocean Energy 
Management, Regulation and Enforcement 
claimed it had found no evidence that Shell’s 
proposed action would result in signifi cant 
environmental harm. 

Yet a 279-page report published just 
2 months ago by the U.S. Geological Survey 
(USGS) reveals major uncertainties in the 
science needed to support oil and gas activi-
ties in the region. Prepared at the request of 
DOI Secretary Kenneth Salazar, the report 
takes no position on the advisability of grant-
ing oil companies access to the OCS. But its 
fi ndings make clear that much about the way 
oil and gas activities might affect local ecol-
ogy remains unknown, and it raises questions 
about whether oil companies can respond 
adequately to a major spill in the region.

So why did DOI give Shell the go-ahead? 
By limiting its assessment to Shell’s short-
term exploration plans, DOI didn’t consider 
risks from long-term development, argues 
Robert Spies, president of Applied Marine 
Sciences, a consulting fi rm in Livermore, 
California, who was the federal govern-
ment’s chief scientist on the Exxon Valdez

oil spill. “Risks from any one well might 
be insignifi cant,” he says. “But cumulative 

risks over the long haul might not be.”
An estimated 27 billion barrels of oil 

and 130 trillion cubic feet of natural gas—
nearly a quarter of remaining U.S. domestic 
reserves—lie buried offshore under the OCS. 
Since Shell began laying the groundwork for 
its current exploration plan in 2006, environ-
mentalists and the oil industry have clashed 
repeatedly over when and how those resources 
might be extracted safely—a debate that has 
intensifi ed in the wake of BP’s recent disaster 
in the Gulf of Mexico, which eroded public 
confi dence in the ability of oil companies to 
respond to a subsea blowout. 

Compared with the Gulf of Mexico, the 
OCS poses daunting challenges for the oil 
industry. Heavy storms, sea ice, and fog 
make for diffi cult working conditions, and 
a late-fall or winter blowout could trigger a 
worst-case scenario: oil gushing for months 
under ice, much of it inaccessible to recovery 

efforts. Given the region’s isolation, disas-
ter response would by necessity be mounted 
from great distances.

Even so, political and economic pres-
sures to drill in the OCS are growing rapidly, 
especially with onshore yields from Alaska’s 
Prudhoe Bay falling two-thirds from their 
peak in 1991, says Curtis Smith, a spokes-
person with Shell Oil Co. in Anchorage. With 
nearly $4 billion invested in offshore leases 
and research, Shell leads the charge toward 
the OCS, although it has faced repeated 
lawsuits and other barriers aimed at keep-
ing it out. With DOI’s approval, Shell’s pros-
pects for 2012 now look promising, although 
the company still needs air permits from 
the Environmental Protection Agency and 
approval for its marine mammals protection 
plan from the National Oceanic and Atmo-
spheric Administration (NOAA).

Shell’s current plan calls for drilling 10 
exploratory wells in the region over 2 years: 
six at sites up to 240 kilometers offshore in 
the Chukchi Sea west of Barrow (Alaska’s 
northernmost settlement) and four closer to 
land in the adjoining Beaufort Sea, to the east. 
DOI’s approval pertains only to exploration 
plans for the Beaufort Sea; plans for Chuk-
chi are held up by legal challenges. Smith 
says that exploration in the Beaufort Sea—
performed to confi rm the predicted size of an 
oil reservoir—poses little risk, as it will be 
done in summer and early fall, before the seas 
freeze over in October.

In their June report, USGS scientists con-
sidered the potential impacts of both near-
term exploration and long-term development, 
when pumping the oil and moving it ashore 
via tankers and subsea pipelines would con-
tinue year-round, likely for decades. They 
identified data gaps in many key areas—
including potential effects of climate change 
on drilling operations and how chemical dis-
persants work in ice-fi lled seas. Even when 
data exist, they may not always be available, 
says Brenda Pierce, a USGS program coordi-
nator who co-authored the new report. “A lot 
of it isn’t integrated in ways that make it as 
useful as it could be,” she says.

Jacqueline Grebmeier, an arctic special-
ist at the University of Maryland’s Center for 
Environmental Science in Solomons, agrees. 
OCS researchers have garnered “reams of 
physical and biological data,” she says, but 
much of the information has not been digi-
tized and remains buried in paper reports. 
They include studies by DOI’s Outer Con-
tinental Shelf Environmental Assessment 
Program, which was launched in 1975 but 
wrapped up in the 1980s after falling oil 
prices doused companies’ interest in costly 

Despite Data Gaps, U.S. Moves 
Closer to Drilling in Arctic Ocean
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Icebound. Alaska’s outer continental 
shelf is the oil and gas industry’s 

next frontier.
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drilling off the Alaskan coast.

After a lull of nearly 2 decades, OCS 

research has picked up again, and today a 

range of industry, government, and academic 

projects are under way. But most of that 

work is “stove-piped,” Grebmeier says: run 

by specialists who rarely collaborate. “No 

one’s ever looked at the OCS from a system-

wide perspective,” she says. “And the OCS is 

undergoing tremendous changes, so we need 

representatives from different fi elds gathered 

around the table talking to each other.”

One area that would benefit from such 

an approach, researchers agree, is beefing 

up measurements of ocean currents, cru-

cial information for forecasting how an oil 

spill would spread should one occur. The 

data shortage is particularly acute for winter, 

says Grebmeier, who was not involved in the 

USGS report. Scientists can study the Chuk-

chi and Beaufort seas during warmer seasons, 

she says. But because ice-breaking vessels are 

in short supply, winter data come chiefl y from 

a few dozen scattered remote-sensing buoys.

Oceanographers have a reasonable under-

standing of circulation patterns during the ice-

free season, says Tom Weingartner, a physical 

oceanographer at the University of Alaska, 

Fairbanks. What’s missing, he says, are data 

that resolve how competing forces infl uence 

currents. For instance, while prevailing cur-

rents move north in the Chukchi, prevailing 

winds push the sea’s surface waters south, 

Weingartner says. “And if the winds are really 

strong, subsurface and surface waters will 

move in opposite directions.” Meanwhile, 

near-shore currents in the Beaufort Sea move 

at barely a tenth of a knot, trapped under a 

wide stretch of so-called land-fast ice that 

extends for up to 64 kilometers offshore. “But 

we don’t understand how circulation patterns 

in the Beaufort change as you move across 

the shelf from land out to the deep ocean,” 

Weingartner says. And when ocean currents 

interact with ice, Grebmeier says, the results 

become wildly unpredictable.  

The USGS report hammers home the 

need for more information about sea ice. Sci-

entists don’t fully understand how ice affects 

oil weathering in the ocean, or how it might 

infl uence oil spill recovery, or how climate 

change might affect sea-ice cover over time. 

The long-term questions are especially 

troubling to ecologists who’ve watched 

retreating sea ice in the OCS imperil some 

species of wildlife there. Walruses, for exam-

ple, ordinarily rest and rear their young on ice 

fl oes over shallow waters, eating clams and 

other foods found on the sea fl oor. Recently, 

however, summer sea-ice has been retreat-

ing beyond the continental shelf toward deep 

offshore waters. Now walruses are beaching 

themselves on Alaska’s coastline, in herds 

that can number up to 100,000.

Stanley Senner, director of conservation 

science at the Ocean Conservancy in Anchor-

age, worries that because scientists can’t 

predict the location of any future ice “ref-

uges” that might persist in a warmer climate, 

oil companies run the risk of drilling near 

increasingly scarce walrus habitat. Another 

concern is that beached walruses might stam-

pede toward water when spooked, trampling 

juveniles in the way. It’s not clear what drives 

the animals to stampede; perhaps noise, or 

maybe visual or even vibrational cues, says 

USGS ecologist Chadwick Jay. 

An entire chapter of the USGS report 

is devoted to how industrial noise might 

threaten marine mammals. Scientists worry 

especially that it might divert bowhead 

whales from their traditional migrations, 

putting them beyond reach of Native Alas-

kans who’ve hunted the animals in sealskin 

boats for more than 2000 years. As the shy-

est of cetaceans, bowheads will travel up 

to 30 kilometers to avoid noises they don’t 

like. “Some of the proposed drill sites lie 

right in the middle of their migratory corri-

dors,” says J. Craig George, a senior wildlife 

biologist with the North Slope Department 

of Wildlife Management in Barrow, Alaska. 

Michael Macrander, an environmental ecolo-

gist with Shell in Alaska, counters that the 

company plans to shut down its 

activities during approved subsis-

tence hunts, limited to 40 animals a 

year. “And we’ve got an aggressive 

research program looking at bow-

head migrations,” he says. “We’re 

also trying to understand the move-

ments and behavior of all marine mammals 

around our operations.”

Experts differ on how much data is needed 

to make informed decisions, the USGS report 

acknowledges. Shell’s Macrander says the 

company knows enough to proceed safely 

with exploration during the open-water sea-

son and that it will continue to collect data—

for instance, about how ocean dynamics in 

winter could affect the company’s develop-

ment activities. Other scientists, including 

Alan Springer, a research professor at the 

University of Alaska, Fairbanks, insist there’s 

already suffi cient evidence to conclude that 

offshore development in the OCS should 

never be allowed. And Henry Hunting-

ton, science director with the Pew Environ-

ment Group’s Arctic Program in Eagle River, 

Alaska, argues that scientifi c uncertainties 

suggest the need to slow down. 

“At the very least, the DOI should come 

up with a plan for how it intends to address 

USGS’s recommendations,” Huntington 

says. “We need to know how we’re going 

to move from uncertainty to a better under-

standing of the ecosystem and how it might 

be affected by oil and gas development. 

I’m not talking about an endless process of 

study, but simply a sound, comprehensive, 

strategic plan for getting the information 

decision-makers need.”

–CHARLES SCHMIDT

Charles Schmidt is a writer in Portland, Maine.C
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Vulnerable. Walruses (left), seabirds, and 
bowhead whales (top) that sustain subsis-
tence hunting in Alaska face uncertain 
risks from oil and gas activities. 
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VIENTIANE, LAOS—Flooding of biblical pro-
portions is a way of life for villagers in the 
region around Cambodia’s Tonlé Sap Lake. 
Each summer, the lake expands from an area 
smaller than Rhode Island to a Connecticut-
sized basin—from 2500 km2 to as much as 
15,000 km2. Average depth increases from 
0.5 m to 8 m or more. The spectacular phe-
nomenon occurs when the Mekong River, 
swollen from monsoon rains, forces a tribu-
tary, the Tonlé Sap River, to reverse course 
and feed the lake instead of drain it.

One million people depend on the sea-
sonal fi lling and emptying of Tonlé Sap, the 
“Heart of Cambodia.” “It’s the biggest inland 
fi shery on Earth,” says Kim Geheb, Mekong 
Basin leader for the Consultative Group on 
International Agricultural Research’s Chal-
lenge Program on Water and Food. During the 
dry season, when Tonlé Sap drains, migratory 
fi sh head upstream to spawn in deep pools in 
the Mekong and its tributaries; when the lake 
is replenished in summer, young fi sh descend 
en masse to feed. The rising water washes 
organic matter from the fl oodplain into the 
lake, nourishing primary productivity. “The 
fl ood pulse is the engine of the ecosystem,” 
says Dirk Lamberts, an aquatic ecologist at 
Catholic University of Leuven in Belgium.

That dynamo is now in jeopardy. Newly 
built dams on the upper Mekong and its trib-
utaries are expected to modulate the river’s 
fl ow. At fi rst the effect will be subtle. But in 
the next couple of decades, Tonlé Sap will 
begin to stabilize, models predict. A large 
area of permanent inundation will swallow 
thousands of hectares of fl oodplain, disrupt-
ing the ecosystem and possibly devastating 
the fi shery.

That gloomy scenario doesn’t take into 
account the latest threat to Tonlé Sap and the 
rest of the Mekong River Basin. Leaders here 
in the Laotian capital are preparing to build 
the fi rst dam on the lower Mekong 
mainstream, the 2700-km segment 
that wends from the China-Laos 
border to the South China Sea. 
The $3.8 billion Xayaburi Hydro-
electric Power Project, slated 
for completion as early as 2019, 
would generate 1285 megawatts of elec-
tricity—enough to power a medium-sized 
Southeast Asian city—mostly for export to 
Thailand. But the plan is raising tensions. 
The Mekong River Commission (MRC), 
which includes Laos, Cambodia, Thailand, 
and Vietnam, requires prior consultation on 
any major project that might affect sustain-

able development on the Lower Mekong 
Basin (LMB). Xayaburi dam is the first 
major proposal to trigger such a review. And 
the other three MRC members are not satis-
fi ed with the information they’ve received so 
far from Laos.

Vietnam, expressing “deep and serious 
concerns,” called last April for a 10-year 
moratorium on hydropower development 
on the lower Mekong mainstream. Laos 
quickly deferred a fi nal decision on Xaya-
buri, at least publicly. In May, Lao Prime Min-
ister Thongsing Thammavong assured his 
counterpart from Vietnam that the dam 

would be postponed pending 
further studies involving inter-
national experts. That gesture 
won praise last month from U.S. 
Secretary of State Hillary Clin-
ton at a regional meeting. “I 
want to urge all parties to pause 

on any considerations to build new dams 
until we are all able to do a better assessment 
of the likely consequences,” she said.

But Laos may not wait long. In an 8 June 
letter to the general contractor that will lead 
the dam’s construction, the director gen-
eral of the Electricity Department of Laos’s 
Ministry of Energy and Mining declared 
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the MRC consultation process “complete.” 
The letter, subsequently leaked to the 
press, “changed everything,” Geheb says. 
The powerful energy ministry, he says, has 
argued that Xayaburi dam’s benefi ts would 
outweigh its costs, and that environmental 
consequences can be mitigated. 

There’s evidence Laos has already opted 
to forge ahead. At the dam site in Xayaburi 
Province 350 km north of Vientiane, pre-
paratory work has been going on for sev-
eral months. One environmental scientist 
who recently visited the site esti-
mates that there are a few hundred 
people in the construction camp. 
“It’s not a small-scale operation,” 
he says. Some observers expect 
Laos to announce a new timetable 
for the Xayaburi dam at a meet-
ing of MRC’s council of ministers 
in autumn.

The stakes are enormous. Crit-
ics fear that Xayaburi dam and 
11 other hydropower projects 
planned for the lower Mekong 
would unleash a cascade of eco-
logical changes. Beyond threat-
ening many migratory fish with 
extinction, including some of 
the world’s largest species, the 
dams could collapse fi sheries and 
destroy productive agricultural 
land throughout the LMB. The 
resulting ecosystem damage “will 
result in increasing food insecurity 
for millions of people,” declares 
an MRC-commissioned Strategic 
Environmental Assessment (SEA) 
of Hydropower on the Mekong 
Mainstream released last Octo-
ber. “The proposed development 

of the mainstream Mekong 
River is the most important 
strategic decision ever made 
by LMB countries on use of 
their shared resources.” 

The dams could alter 
geopolitics as well. “We 
are strongly concerned 
that there may be wide-
spread conflicts or, in the 
worst scenario, wars over 
water resource manage-
ment,” Chheang Vanna-
rith, executive director of 
the Cambodian Institute 
for Cooperation and Peace, 
told Voice of America last 
month. As Geheb says, 
“Laos is under savage pres-
sure to get this right.” 

Domino effect

The Mekong River is one of the few great riv-
ers not dammed for much of its length. That’s 
not for lack of hydropower potential. From 
its headwaters in Tibet to the China-Laos 
border, the 2200-km-long upper Mekong, 
known as the Lancang River in China, drops 
4000 m in elevation. The lower Mekong fol-
lows a gentler descent, losing several hun-
dred meters in elevation.

The main Mekong dynamo could gen-

erate an estimated 53,000 MW of power. In 
the four LMB nations, Mekong tributaries 
could add up to 35,000 MW. A sizable por-
tion of hydropower potential of the tributar-
ies has already been tapped or will be soon. 
By 2015, 36 dams on LMB tributaries are 
expected to be operating, with roughly 30 
more to come online by 2030. Critics ques-
tion whether adequate mitigation mea-
sures are being implemented for the biggest 
Mekong tributary dam thus far, the $1.5 bil-
lion Nam Theun 2 in central Laos, which 
started operations last year (Science, 23 April 
2010, p. 414).

Hydropower is the best way for Laos to 
utilize the river, says George Radosevich, 
an expert on international water law who as 
senior legal adviser to the four LMB nations 
helped draft the 1995 Mekong Agreement 
that created the MRC. Laos, he says, “con-
tributes the most water to the Mekong system 
and has the least amount of irrigable land.” 

By the early 1990s, Laos and Cambodia 
had blueprints for 11 dams and one diversion 
on the lower Mekong (see map). The show-
stopper until recently was iffy economics. 
Unlike impoundment dams that use reser-
voirs to manipulate river fl ow, the 11 proposed 
dams are “run-of-the-river” barrages designed 
to slightly perturb average flow rate. They 
would generate electricity aplenty during 
the 4-month rainy season, when 75% of the 

Mekong’s annual fl ow occurs. The 
rest of the year, a languid Mekong 
would generate much less power, 
raising doubts about the market 
value of the electricity.

China’s hydropower program 
tipped the balance in favor of the 
lower Mekong dams by advancing 
another claimed benefi t: reducing 
the fl ood pulse. In the late 1990s, 
China started work on a cascade 
of at least seven impoundment 
dams on the upper Mekong. Four 
have been completed, includ-
ing 292-m-high Xiaowan, the 
world’s highest arch dam (see 
map). Although China is not an 
MRC member state and thus is 
not bound by the 1995 agree-
ment, under international law its 
use of upper Mekong water must 
not harm downstream nations. As 
an MRC observer, China’s hydro-
power off icials at commission 
meetings “have always empha-
sized the leveling out of the fl ood 
pulse as a signifi cant benefi t” of 
their dams, which are designed 
to fi ll their reservoirs during the 

Feast or famine. Mekong dams would alter the fl ood pulse that 
transforms Tonlé Sap from dry-season puddle (below) into a lake 
(left) sustaining the world’s biggest inland fi shery.
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rainy season and release extra water during 
the dry months, Geheb says.

Regular fl ow would allow turbines to feed 
the electricity grid more consistently during 
the dry season, and thus is a huge selling point 
for Laos. In 2007, Laos asked CH. Karn-
chang Public Co. Ltd. in Bangkok to study 
the feasibility of Xayaburi, the fi rst install-
ment of a planned six-dam cascade north of 
Vientiane. Xayaburi dam would be 820 m 
wide, 49 m high, and would create a 49-km2 
reservoir extending 60 to 100 km upstream. 
Some 2100 villagers would be resettled. Last 
September, Laos informed MRC of its inten-
tion to proceed with Xayaburi, triggering the 
required consultation. Laos plans to award a 
30-year concession to CH Karnchang, after 
which Laos would assume ownership of the 
dam. The company and Lao authorities are 
negotiating a power purchase agreement with 
the Electricity Generating Authority of Thai-
land, which has offered to buy about 95% of 
Xayaburi’s electricity.

Xayaburi dam, if built, could pave the 
way for the other 11 hydropower projects on 
the drawing board. “Whatever happens with 
Xayaburi will set a precedent on whether it 
is acceptable to go forward with other main-

stream dams,” asserts Ame 
Trandem, Southeast Asia pro-
gram director at International 
Rivers, a nonprofi t that opposes 
large dams. “The scale of 
hydropower being proposed in 
the basin is truly staggering,” 
Geheb says.

If all 12 projects go forward, 
Laos would receive the lion’s 
share of an estimated $25 bil-
lion in foreign direct invest-
ment and 70% of electricity 
export revenues, or $2.6 billion 
a year. The landlocked coun-
try with a per capita income of 
under $1000 per year is count-
ing on hydropower to alleviate 
poverty, raise living standards, 
and improve transportation for 
its 6 million people.

None of the MRC nations 
has a veto over Laos’s plans, 
but they have infl uence. Thai-
land and Vietnam account for 
96% of the power demand of 
the LMB over the next 15 years 
and would purchase about 90% 
of the electricity generated by 
Laos’s proposed hydropower 
projects. “If Thailand and Viet-
nam decided not to purchase 
mainstream power, the proj-

ects—all designed for export—would be 
very unlikely to go ahead,” states the SEA.

The environmental costs of going for-
ward would be steep, according to the SEA. 
If implemented, the 12 projects—including 
11 dams that would span the river channel—
would convert a staggering 55% of the lower 
Mekong mainstream, from northernmost 
to southernmost dam, into reservoirs with 
slow-moving water. The dams would block 
migratory fi sh, interfere with navigation, and 
impede nutrient-rich sediments from settling 

in the Mekong delta in Vietnam and in the 
Tonlé Sap fl oodplain. The SEA estimates that 
fi sheries and agricultural losses would run 
$500 million a year, offset by only $30 million 
a year in added income from reservoir fi sher-
ies and new irrigation potential. If all envi-
sioned LMB hydropower projects were to go 
forward and using worst-case assumptions, 
the evisceration of Mekong fi sheries and loss 
of wetlands and other ecosystem services 
could result in the basin losing $274 billion 
in value, according to an analysis released last 
month by a team led by Robert Costanza, an 
ecological economist at Portland State Uni-
versity in Oregon. 

Fisheries and agricultural losses in the 
delta, in Lake Tonlé Sap, and elsewhere 
could have a domino effect on nutrition and 
food security. In Cambodia and Laos, “up 
to 30% of the national protein supply would 
be at risk if all mainstream dams were to go 
ahead,” the SEA warns.

Migratory purgatory
As the fi rst dam on the lower Mekong main-
stream, Xayaburi lays down a marker for how 
environmental consequences of all 12 hydro-
power projects will be assessed. The experi-
ence so far has proved unsettling.

Last September, CH Karnchang submit-
ted to the Lao government an environmen-
tal impact assessment on Xayaburi prepared 
by Bangkok-based TEAM Consulting Engi-
neering and Management Co. The assess-
ment acknowledges that the dam could alter 
the lower Mekong’s hydrology. Rebutting 
an earlier feasibility assessment, however, 
it claims that upstream of the dam, “trans-
formation of the habitat from a river with 
rapids” into a “standing ecosystem due to 
impoundment will not occur.”

Many who study the Mekong are baffl ed 
by that assertion. In a 24 March review, the 
MRC Secretariat estimates that water fl ow 
rates in a Xayaburi reservoir could decline as 

much as 90%, from about 1 m per 
second to 0.1 m per second. Under 
proposed operating conditions, the 
review states, the reservoir would 
lose about 60% of its capacity due to 
sedimentation after 30 years, com-
promising power generation. And 
based on the Xayaburi dam’s current 
design, the reservoir would trap two 
key nutrients: about 40% of phos-
phorus and 33% of nitrogen that 
enter it. The review warns that the 
cumulative effects of Xayaburi and 
other lower Mekong mainstream 
dams on sediment and nutrient trap-
ping “would be significant.” Less 

In harm’s way. Xayaburi dam would threaten the migra-
tory goonch catfi sh (Bagarius yarrelli). 
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Obstacles to Migration Tourniquet. By one 
estimate, Xayaburi 
dam would obstruct 
about 125,000 km2 
(red), or 36% of 
habitats in upstream 
watersheds not 
already obstructed by 
other dams. Experts 
urge Xayaburi design-
ers to incorporate 
sluice gates (top) that 
allow sediment to 
fl ow downstream.
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sediment in fl oodwater would mean less soil 

fertility and a loss of rice production, as well 

as increased riverbank erosion, says Eric 

Baran, a fi sheries biologist with the World-

Fish Center in Phnom Penh.

In this respect the Mississippi River offers 

a cautionary tale. “Hydropower development 

in the upper Mississippi River Basin over 

many decades has resulted in sediment depri-

vation to the Mississippi River delta,” says 

D. Phil Turnipseed, director of the U.S. Geo-

logical Survey’s National Wetlands Research 

Center in Lafayette, Louisiana. “Mekong 

River development could have the same 

results as we have experienced.” 

Perhaps the harshest criticism is reserved 

for TEAM’s prognostications on how the 

Xayaburi dam could affect fi sh stocks. An 

appendix to the environmental impact assess-

ment states that hydropower development 

on the lower Mekong mainstream “will 

submerge spawning and rearing habitats of 

migrating fi sh species.” It recommends that 

the characteristics of these habitats be identi-

fi ed and described “for future habitat recov-

ery before impoundment.” But the main body 

of the report simply states that the Xayaburi 

dam would result in “no signifi cant change” 

in fish spawning. That conclusion “is not 

substantiated by any results presented in the 

assessment,” Baran says.

The report presents an incomplete picture 

of fi sh species that the dam could adversely 

affect. TEAM drew up a list of 16 species, 

including fi ve that are migratory, based on a 

1994 MRC report. It supplemented that list 

with fi eld surveys conducted in November 

2007 and March 2008 in which it captured 

54 fi sh species using gillnets. Based on that 

meager haul, the impact assessment con-

cludes that “fi sh biodiversity in the project 

area [is] quite low.”

Critics blast that contention. TEAM’s 

fi eld surveys were an “unrealistically low, 

restricted, and biased sampling effort,” 

says Baran, who with three colleagues ana-

lyzed the report for WWF Greater Mekong, 

an environmental advocacy group. Their 

31 March review notes that the fi eld surveys 

“resulted in a biodiversity assessment repre-

senting less than a third of the actual species 

richness in the impact area.” And the TEAM 

report didn’t even cite the MRC’s own 

Mekong Fish Database, a 2003 resource that 

lists 120 fi sh species in Xayaburi Province. 

According to the WWF review, field sur-

veys in the literature raise that fi gure to 229 

fi sh species that “exploit habitats upstream 

of the planned dam site for spawning and/

or dry season refuges,” including 70 migra-

tory species. Those migratory fi sh are what 

experts most worry about. According to 

Baran’s group, by the time Xayaburi dam is 

completed it “would obstruct about 125,000 

km2 or 36% of habitats in upstream water-

sheds” not already obstructed by other dams.

Some charismatic species could suf-

fer, including several of the world’s biggest 

freshwater fi sh. The Xayaburi dam could be 

The Legacy of the Three Gorges Dam

BEIJING—Scientists predicted that when the world’s largest hydropower 
project came online in 2003, it would be an environmental bane. The Three 
Gorges Dam on the Yangtze River has unfortunately lived up to expecta-
tions. For that reason China is embarking on a 10-year mitigation effort 
that sources say will cost $26.45 billion.

The travails of the Three Gorges Dam are a cautionary tale for Laos and 
its Southeast Asian neighbors as they wrestle with the pros and cons of 
damming the lower Mekong River (see main text). Two consequences have 
proved worse than anticipated: deteriorating water quality and erosion. 
And the potential for spreading a snail-borne disease apparently wasn’t 
even on planners’ radar.

The decision to build the dam in 1992 came after decades of study and 
fi erce internal debate. Benefi ts such as power generation and fl ood control 
are indisputable. But leaders also knew that the costs would be enormous. 
The newly created 1080-km2 reservoir submerged wholly or in part 13 cities 
and 466 towns, displacing roughly 1.3 million people, and triggered thou-
sands of landslides. The reservoir wiped out fi sh spawning areas and raised 
an impassable barrier to one endangered mammal—the Yangtze fi nless por-
poise—and two species that were in terminal decline: the Chinese river dol-
phin, or baiji, and the Chinese paddlefi sh (Science, 1 August 2008, p. 628).

Before the Three Gorges Dam began holding back the river in 2003, local 
Yangtze water by national standards was suitable for drinking. Not anymore. 
In the past several years, toxic algal blooms have regularly blighted 22 tribu-
taries. Slower tributary fl ow due to the reservoir and a surfeit of nutrients 
from land-use changes are to blame, a team led by Fu Bojie, an ecologist at 
the Research Centre for Eco-Environmental Sciences of the Chinese Academy 
of Sciences in Beijing, reported last year in Progress in Physical Geography. A 
second scourge, they say, is increased heavy metal pollution.

Erosion, too, was underestimated. Because sediments accumulate in 
the reservoir, water released through the dam’s turbines is relatively clear. 
Sediment-light water scours riverbanks to a degree that “is much higher 
than the designed and expected levels,” Fu’s team states. Severe erosion 
has caused some riverbank sections to collapse.

Another headache is schistosomiasis, known as snail fever in China. As 
many as 1 million Chinese are infected with the parasitic trematode, trans-
mitted by Oncomelania snails. In endemic areas near lakes and wetlands in 
the Yangtze River Basin, prevalence hovers around 5%. The Three Gorges 
Dam increased the snail’s habitat—and the infection risk. China’s health 
ministry is improving sanitation and implementing other measures in a bid 
to reduce the infection rate to less than 1% by 2015.

In May, the State Council announced a massive effort to rein in other 
potential harms—stabilizing river fl ow, reinforcing levees, improving water 
quality—and boost livelihoods of displaced people. “The fact that the gov-
ernment openly acknowledged negative impacts was a signifi cant change 
toward more openness,” says Lars Skov Andersen of the E.U.-China River 
Basin Management Programme in Wuhan.

Since then, however, few details have come to light. One researcher who 
studies the new reservoir’s impact on plant populations told Science that he 
has been ordered to deliver his reports to the government and cannot speak 
publicly about his fi ndings. The offi cial authorized to speak to the media 
was unavailable before Science went to press.

Secrecy aside, observers are confi dent that the initiative will have a 
robust scientifi c component. Some research lines may break new ground: 
for instance, probing habitat fragmentation after the reservoir turned doz-
ens of hilltops into islands. But many fi ndings are expected to be a sobering 
reminder that a big dam can bring unexpected consequences.  –R.S. 

In control. A swollen Yangtze gushes through Three Gorges in July 2010.
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the coup de grâce for the critically endan-

gered Mekong giant catfi sh (Pangasianodon 

gigas), a species that can grow up to 3 meters 

long and weigh 300 kilograms. Because the 

titan’s only known spawning area is north 

of the Xayaburi dam site, the MRC review 

holds that there is a “strong possibility” the 

species would go extinct in the wild if the 

dam is built.

The dam would threaten another criti-

cally endangered leviathan, the giant pan-

gasius (Pangasius sanitwongsei). Also 

known as the dog-eating catfi sh, giant pan-

gasius migrate upriver and spawn in spring-

time at unknown grounds, says Zeb Hogan, 

an ecologist at the University of Nevada, 

Reno, who has done extensive fi eldwork on 

the Mekong. Sightings in Laos suggest that 

the Xayaburi dam site “is within the migra-

tory corridor and may be in the vicinity of a 

spawning area,” Hogan says, adding that it 

is “very likely” that the dam site is critical 

habitat for the giant pangasius.

Overall, the MRC says, “no large migra-

tory species are predicted to persist” if Laos 

were to proceed with all six dams in the 

planned cascade. It adds that the dams would 

also obstruct smaller migratory fi sh that are 

important food sources, such as the Siamese 

mud carp (Henicorhynchus siamensis).

Although Xayaburi would be equipped 

with a pair of structures known as fish 

ladders, which help fish bypass dams, it’s 

unclear which Mekong species would be 

able to climb them. Fish ladder designs are 

geared to salmon, whose jumping abili-

ties enable them to scale waterfalls—and 

ladders—more successfully than other fi sh, 

the MRC review states. According to Hogan, 

Xayaburi dam as currently envisioned would 

present an “impassable barrier” to large fi sh. 

TEAM’s environmental impact assessment 

“puts unsubstantiated trust in the ability of 

existing technology to solve the fi sh migra-

tion obstruction problem,” Baran adds. 

Critics also blast the assessment’s nar-

row focus. TEAM’s fi eld surveys extended 

only a few kilometers downstream, and they 

did not examine possible effects upstream 

of the reservoir. The assessment “ignores all 

transboundary aspects of possible impacts,” 

the WWF review states. The report “is 

fl awed and does not meet international stan-

dards by far,” Baran says. Cambodia has 

called for a transboundary and cumulative 

impact assessment.

The Laos government appears ready 

to accept TEAM’s fi ndings. In February, it 

declared in a statement that the Xayaburi 

dam would be “environmentally friendly” 

and “not have any signifi cant impact on the 

Mekong mainstream,” the Associated Press 

reported. “I don’t think Laos has fully under-

stood the environmental consequences,” 

Trandem says. 

Resilient?

Any environmental assessment limited to 

Xayaburi, or even the six-dam cascade it 

would anchor, ignores the combined impact 

of all 12 hydropower projects on the lower 

Mekong Basin. “You can’t look at 

Xayaburi in isolation,” says Matti 

Kummu, a hydrologist at Aalto Uni-

versity in Finland. The SEA, pre-

pared by the International Centre 

for Environmental Management in 

Glen Iris, Australia, provides that 

broader context.

Fisheries losses and erosion of 

food security could overshadow 

gains in energy security. Although 

the region’s fi sheries data are noto-

riously poor and fragmented, the 

MRC review calculates that the 

few dozen tributary dams in opera-

tion in 2015 will reduce LMB’s total 

annual catch of roughly 2.5 million 

tons of fi sh by 17% to 23%. It predicts that 

the six-dam cascade would decrease yields 

by another 6%. And if all 11 mainstream 

dams come online, the SEA estimates the 

total loss in fi sh resources would be as high 

as 880,000 tons, or 42% compared with the 

2000 baseline (see graph). 

Tonlé Sap is an acute concern. The 

Mekong River provides 57% of the lake’s 

water, and alterations to its fl ood pulse could 

erode water quality and trigger die-offs of fi sh 

eggs, larvae, and even adult fi sh, Lamberts 

says. Fisheries experts, he says, blame poor 

catches of Siamese mud carp in recent years 

on hiccups in Tonlé Sap’s usually smooth fi ll-

ing. As dry season flows increase, models 

forecast a widening area of permanent inun-

dation that would wipe out the gallery forest 

surrounding Tonlé Sap. “You lose that down-

stream vegetation, you lose a lot of the pro-

ductivity,” Lamberts predicts.

Of the dozen hydropower projects 

planned for the lower Mekong, the farthest 

downstream would be Sambor, one of two 

dams that Cambodia plans to build. The 

18-kilometer-long barrage would span a 

confl uence where three tributaries feed the 

Mekong, about 200 kilometers upstream of 

Tonlé Sap River. “It will be vast,” Geheb 

says, “and in my mind, most significant. 

… It’s a mystery to me why the Cambodi-

ans don’t make more noise about the likely 

collapse of their fi sheries.” The answer, says 

one expert, is simple economics. Cambo-

dia’s feeble collection of taxes on fi sheries 

means that Tonlé Sap “doesn’t contribute 

much to the exchequer,” he says. It doesn’t 

help, he says, that Cambodia’s environment 

ministry is “small and powerless.”

If dam building on the mainstream 

Mekong takes off, it will become even more 

important to implement technologies that 

mitigate ecological harm, experts say. For 

instance, dams can use advanced turbine 

designs that sharply reduce fi sh mortality and 

incorporate sluice gates that allow more sedi-

ments and nutrients to fi lter downstream.

A growing chorus is urging Laos to sus-

pend work on Xayaburi until more robust 

data are in. Vietnam, for one, holds consider-

able sway with its Socialist ally. “There is a lot 

of room for maneuvering,” Radosevich says. 

Laos must proceed with caution: Under the 

Mekong Agreement, it could be held respon-

sible for damages to downstream nations.

Inescapably, mainstream dams would 

change the river’s character. It would be a 

tragedy, Lamberts says, if a region that has 

endured war, genocide, fl oods, and droughts 

were now to sacrifi ce the resilience of its eco-

systems.  –RICHARD STONE

Under way. Roadwork at Xayaburi dam site.

2,200,000

2,000,000

1,800,000

1,600,000

1,400,000

1,200,000

1,000,000
2000 2015 2030

C
ap

tu
re

 fi
sh

 p
ro

du
ct

io
n 

fo
re

ca
st

ed
 (t

on
ne

s)
A Challenge for Food Security

2015 Definite future

No LMB mainstream dam

6 dams (upstream cluster)

9 dams (upstream +
    middle clusters)

11 LMB mainstream dams

Diminishing returns. Dams are predicted to harm fi sheries.

http://www.sciencemag.org


www.sciencemag.org    SCIENCE    VOL 333    12 AUGUST 2011 819

NEWSFOCUS
C

R
E

D
IT

: 
M

. 
T

W
O

M
B

L
Y

/S
C

IE
N

C
E

In H. G. Wells’s classic novella, The Time 

Machine, a nameless English scientist 

reveals to dinner guests that he has invented 

an amazing capsule in which he journeys 

across thousands of years. The notion seems 

as fantastic now as it did more than a cen-

tury ago. But like Wells’s inventor, biologists 

today dream of resetting the clock—though 

on a more modest scale. Instead of sending 

a person swirling through the millennia, they 

want to turn back time on a dysfunctional 

immune system that threatens the pancreas. 

This may not sound particularly 

romantic, but it would be an incredible 

medical achievement, potentially reversing 

the course of type 1 diabetes, a disease 

in which the body destroys pancreatic 

beta cells that make insulin. By the time 

symptoms surface—extreme thirst, weight 

loss, fatigue—about 80% of those cells are 

gone. There’s no going back.

Or is there? Since the late 1990s, U.S. 

and European funders have poured hundreds 

of millions of dollars into preventing type 1 

diabetes before its fi rst symptoms appear, 

or bringing it to a screeching halt in newly 

diagnosed patients. Eight years ago, Science 

described these efforts during 

the shift to a new frontier: 

modulating the faulty immune 

system of recently diagnosed 

patients or those at high risk of 

disease (Science, 20 June 2003, 

p 1862). The stakes were high. 

Would the treatments work? Would they hurt 

the mostly young patients who develop type 

1 diabetes in the fi rst place? 

Earlier this summer, a slew of results 

was presented at the annual American 

Diabetes Association meeting in San 

Diego, California, with many published 

simultaneously online in The Lancet. They 

were mostly disappointing and in a sense, 

they show the price of taking the practical 

path to new treatments. Ethical, logistical, 

and fi nancial constraints mandated clinical 

trials in patients less likely to be helped by 

the drugs. Companies, under pressure to 

perform and uncertain about where to set the 

goalposts, designed trials that many veterans 

of the fi eld say were unlikely to succeed. 

Several of the drugs tested have 

helped protect the pancreas. But so far, 

researchers say, the benefit isn’t enough 

to justify approving them, especially for 

a disease that’s rarely fatal. “I don’t think 

we’re fundamentally wrong” about how to 

keep the pancreas safe from attack, says 

Jeffrey Bluestone, an immunologist at the 

University of California, San Francisco, 

who admits he’s conflicted because he 

helped develop one of the key drugs. “I am 

discouraged by the environment,” Bluestone 

explains, where failures or semisuccesses 

are leaving behind malaise and uncertainty 

about what’s next. “I’m not discouraged 

about the science.”

Vital concern

In type 2 diabetes, generally a disease of 

adults, the body stops responding properly 

to its own insulin. Type 1 diabetes usually 

appears earlier, with dramatic effect: Insu-

lin production nearly vanishes. Over the 

past decade, reversing and preventing type 

1 diabetes has become an ever more urgent 

priority. Like other autoimmune diseases 

and allergies, type 1 diabetes is on the rise 

in industrialized countries, and it is striking 

younger victims. In Finland, which has the 

world’s highest incidence of type 1 diabe-

tes, the steepest increase in cases is in chil-

dren ages 4 and under. Between 1980 and 

1984, 351 Finnish preschoolers were diag-

nosed with the disease; from 2000 to 2005, 

the number jumped to 910. In Europe, which 

has systematically tracked the disease for 

decades, researchers predict that between 

2005 and 2020, the number of 

cases among children under age 

5 will double. Environmental 

factors are likely the culprit, but 

no one knows what they are.

The battle in type 1 diabetes 

has two sides: the immune 

system that attacks and the insulin-producing 

beta cells that must defend themselves 

or die. In the past 20 years, this picture 

has sharpened: The disease occurs when 

there’s an imbalance between “effector” 

cells, the immune cell aggressors, and the 

“regulatory” cells, which push back against 

them. Furthermore, this imbalance develops 

Trying to Reset the Clock 
On Type 1 Diabetes
Researchers dream of permanently halting or reversing a major autoimmune disease; 

new drug studies show that, despite some promising signs, the goal is still far off
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long before symptoms do. Over time, as 

T cells attack the pancreas, the body releases 

autoantibodies, which can be detected in 

the blood. In Finland, studies have found 

that children who develop type 1 diabetes in 

the fi rst 12 years of life begin to show these 

autoantibodies by their fourth birthday. The 

years-long gap between early immune attacks 

and full-blown disease gives a window to step 

in before much damage is done.

But there are big hurdles to early 

intervention. For one, people with auto-

antibodies are still considered healthy, 

making it ethically tenuous to test even 

a low-risk treatment on them. And 

diabetes prevention trials are an enormous 

undertaking. There’s no system in place to 

find participants, who aren’t seeking out 

medical care. In one prevention study from 

the 1990s, researchers had to screen more 

than 84,000 people to find the 339 they 

needed. Prevention studies also take many 

years because researchers must wait and see 

who develops diabetes. 

“Prevention is really a challenge,” says 

immunologist Gerald Nepom, who directs 

the Immune Tolerance Network, a federally 

funded trials group. “It probably is where we 

want to be, but we can’t do it”—or at least, 

not on a grand scale.  

As an alternative, researchers turned to a 

cohort that’s far easier to study but also tougher 

to help: people diagnosed with diabetes in the 

past few months. Practically all of them still 

have some beta cells, meaning that stopping 

the immune attack could help. Studying these 

patients could also hint at which drugs might 

pack the biggest punch when used in young 

people at high risk for diabetes who haven’t 

yet developed the disease. 

Several experimental drugs aim to reset 

the balance between effector and regulatory 

cells. One therapy, anti-CD3, blocks the 

T cells that target beta cells. In the 1990s, 

Lucienne Chatenoud of Hôpital-Necker 

Enfants Malades in Paris gave diabetic mice 

anti-CD3. “The surprise,” Chatenoud says, 

“was they stayed in remission forever.” 

Subsequent clinical trials—one led by 

Chatenoud, the other by Bluestone and 

endocrinologist Kevan Herold of Yale 

University—also had positive results, though 

they were relatively small. Still, patients 

needed less insulin for 2 years or even longer 

after getting the drug. 

Two biotech companies enthusiastically 

licensed rights to anti-CD3 and partnered with 

large pharmaceutical companies to fi nance 

defi nitive clinical trials. Results, reported last 

year and published 

a n d  p r e s e n t e d 

in  June ,  were 

lackluster. The trial 

using Chatenoud’s 

version of anti-CD3 

failed completely. 

The second trial, 

with Herold and 

Bluestone’s drug, 

didn’t reach its goal 

of better diabetes 

control, either. 

For  Chatenoud,  the  news 

was crushing but not a surprise. 

The companies that tested her 

anti-CD3 molecule—Tolerx and 

GlaxoSmithKline—used a dose that 

was about 1∕15 of what she’d used in 

her earlier trial, out of concern for side 

effects that might torpedo the therapy. 

Anti-CD3 can cause fever and rash, 

and researchers have worried that it 

might reawaken dormant viruses in 

the body. But such a low dose was 

doomed to fail, Chatenoud says: “It’s 

a drug. It’s not homeopathy.” 

Chatenoud’s and Herold’s trials had 

focused on measuring a protein that’s 

cleaved off the insulin hormone, called 

c-peptide; it’s detectable in blood and 

more reliably measured than insulin. 

It’s considered the most direct measure 

of how well beta cells are functioning, 

but it doesn’t necessarily track how a 

person with diabetes is faring. For that 

reason—and because regulators and 

trial designers lack standard goals for 

type 1 diabetes trials—MacroGenics 

and Eli Lilly adopted different 

measures in their anti-CD3 trial. They 

tracked insulin use and the percentage 

of hemoglobin altered by high blood 

sugar. To fi nd the 516 volunteers they 

needed, they recruited outside the 

United States, in particular in India, 

where diabetes is common. 

The results, reported last fall 

and also online in The Lancet in 

June, amounted to another failure. 

“Everybody was taken by surprise,” 

especially because the trial included a solid 

dose of anti-CD3, says Scott Koenig, the 

president and CEO of MacroGenics. 

A subsequent analysis suggested that, 

just as in earlier trials, beta cells appeared 

healthier, as revealed by c-peptide levels 

in the blood. At the same time, there were 

wild variations by geographic location, and 

by age. Patients in India, whose diabetes 

was in worse shape to begin with, didn’t 

benefi t much from anti-CD3; older patients 

were also less likely to be helped. The best 

off were the youngest children, the 8- to 

11-year-olds, along with U.S. participants. 

Five percent of participants who got the 

drug were off insulin completely a year later, 

compared with no one in the control group. 

That wasn’t enough for Eli Lilly: It 

dropped the drug shortly after the results 

were released. MacroGenics wants to keep 

testing anti-CD3 but can’t afford to run 

another enormous clinical trial by itself and 

is hunting for a new partner. 

A Mixed Bag of Trials

Drug: Anti-CD3 Participants: 516

Who’s eligible: 8 to 35 years old, newly diagnosed

Status: Failed but helped preserve beta cells 

short-term

Drug: Anti-CD3 Participants: 272

Who’s eligible: 12 to 45 years old, newly diagnosed

Status: Failed

Drug: Rituximab Participants: 87

Who’s eligible: 8 to 45 years old, newly diagnosed

Status: Helped preserve beta cells for a year

Drug: Abatacept Participants: 112

Who’s eligible: 6 to 45 years old, newly diagnosed

Status: Helped preserve beta cells for 9 months

Drug: Anti-IL1β Participants: 71

Who’s eligible: 6 to 45 years old, newly diagnosed

Status: Began recruiting in 2010, hopes to have 

results in spring 2012

Drug: Oral insulin Participants: 300–400

Who’s eligible: 3 to 45 years old, moderate to high 

risk

Status: Began recruiting in 2007, aim to fi nish study 

by 2014 or 2015

Drug: Anti-CD3 Participants: up to 170

Who’s eligible: 8 to 45 years old, very high risk

Status: Began recruiting in 2011, aims to fi nish 

between 2016 and 2019

Bluestone Chatenoud Skyler
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Tolerx and GlaxoSmithKline, meanwhile, 
halted recruitment in another anti-CD3 
diabetes trial they were running. They have 
said they are contemplating what to do next.

“It’s diffi cult for a company that doesn’t 
necessarily see the end in sight to stay on board 
when the process looks like it will be long and 
arduous,” says Jay Skyler, an endocrinologist 
at the University of Miami in Florida.

At the same time, at least in the higher-
dose MacroGenics trial, anti-CD3 did 
something to the overactive T cells that help 
drive diabetes, just not enough to eliminate 
disease long-term. And anti-CD3 is not the 
only therapy that’s had this effect: In 2009, 
researchers described in The New England 

Journal of Medicine some success with 
using rituximab, which targets B cells; in 
June at the American Diabetes Association, 
another trial was presented that tested 
abatacept, which prevents T cells from 
becoming activated. Strikingly, the outcome 
of these two therapies and anti-CD3 were 
nearly identical: They all helped patients 
for similar short amounts of time and then 
their effects faded. Many patients then had 
to up the amount of insulin they injected. 
“The curves declined in parallel” after about 
9 months, Skyler says. 

Rethinking basics
Logistical roadblocks don’t account for 
all of the mixed results; the science is in 
question, too. Are we not intervening early 
enough? That’s one possibility: After all, 
these patients are already sick, and revers-
ing their disease is bound to be an uphill bat-
tle. Drugs that could help prevent diabetes 
may fl op in newly diagnosed patients. That’s 
always been a concern.

But another, equally discomforting idea 
is that diabetes is more multifaceted than we 
realize. “We’ve put all this money into this 
thing, hundreds of millions of dollars, and 
what have we gotten out of it?” Bluestone 
asks. “We’ve gotten prolongation [of health] 
but no cure. … There are people who are 
appropriately disappointed.” 

Some researchers suspect there’s a 
fundamental problem in using mice with 
induced diabetes as stand-ins for the human 
disease. The mouse data suggest that giving 
a drug short-term can permanently reset the 
balance between effector and regulatory 
immune cells, turning a diabetic mouse 
into one without disease, Bluestone says. 
“Is it too much to expect that you can do 
that in humans?” 

One way to find out is to explore how 
closely disease in mice tracks what happens 
in people. A few years ago, Mark Atkinson, 

a pathologist at the University of Florida, 
Gainesville, took the helm of a new project 
called nPOD, the Network for Pancreatic 
Organ Donors with Diabetes, funded by 
the Juvenile Diabetes Research Foundation 
(JDRF). nPOD established a system that 
targets people who wish to be organ donors 
but whose pancreases aren’t suitable for 
transplant. If the person has type 1 diabetes, 
or if the donated organ has autoantibodies, 
suggesting prediabetes, the pancreas, and 
sometimes other organs, too, are shipped on 
ice to Atkinson’s lab. Atkinson has a team on 
call every hour of every day, to swoop in and 
process pancreases as soon as they arrive. The 
organs are “bread-loafed” into 30 slices and 
further subdivided into small blocks. Then 
they’re shipped to scientists all over the world. 

The goal is to understand what’s been 
thoroughly parsed already in mice: how 
type 1 diabetes starts. So far, nPOD has 
processed 170 pancreases from around the 
United States, and this summer the project 
is expanding to several European countries, 
including Finland, Italy, and Sweden.

nPOD has been going for only 3 years, 
but already, Atkinson says, the human 
pancreases are “showing some quite dramatic 
differences from the mouse studies.” The 
human organs have surprisingly little 
“insulitis”: inflammation of the beta cells 
caused by infiltration of immune cells 
attacking them. Like his colleagues, Atkinson 
believes T cells are killing beta cells, but he 
also thinks there’s more to the narrative. 
“The T cells are there, but they’re rare. … 
There may be something else that we just 
don’t understand yet.”

Another fundamental concern is that 
until now, the strategies for preventing 
diabetes or slowing it in newly diagnosed 
patients have gone after just one side of the 
battle: the immune system. The other side, 
the beta cells, has been largely ignored. 
“My own bias,” says Richard Insel, JDRF’s 
chief scientifi c offi cer, “is to get ahead of 
this, we’re going to need to address both.” 
Several trials are ongoing or gearing up 
using drugs that target interleukin-1β, 
which can cause beta cell dysfunction and 
death. JDRF is also funding work with an 
“artificial pancreas,” an external system 
that continuously monitors glucose levels 
and adjusts insulin accordingly, in hopes of 
reducing stress on the beta cells.

Like the road already traveled, the road 
ahead is likely to be long. Researchers are 
heartened by a handful of youngsters who 
have responded unusually well to therapy 
like anti-CD3. Some have kept making some 
of their own insulin for 5 years. Bluestone 

treated a young San Diego man 10 years 
ago, then recently diagnosed, who’s been 
producing insulin since, though he needs 
extra doses of the hormone, too. Stories 
like these, and nuggets of gold from the 
anti-CD3 trials, have captured the attention 
of TrialNet, a $30 million federally funded 
network that runs type 1 diabetes trials, 
which Skyler heads. It recently launched an 
anti-CD3 prevention trial in at-risk children 
and young adults. The network is also 
running a prevention trial of oral insulin; a 
similar one fl opped 10 years ago, but this 
study focuses on a narrow group that was 
helped in the previous trial. 

Pushing these early therapies is a delicate 
balancing act, given that standard care 
for type 1 diabetes continues to improve 

and long-term complications, including 
kidney failure, amputation, and blindness, 
are dropping. Some trials failed recently, 
Bluestone believes, partly because the 
control group received excellent care and 
was tough to beat. 

Still, the notion that the standard of care 
is as good as it can be is roundly rejected by 
those chasing the time-travel dream. “I am 
always struck by those diabetologists who 
look at you and say, ‘But there is insulin,’ ” 
Chatenoud says. “Well, yes—but insulin 
is really not what you want.” It certainly 
can’t send the immune system back in time 
for good. But then, we don’t know yet if 
anything can. –JENNIFER COUZIN-FRANKEL 

Flawed model? Infl ammation from T cell attacks is 
visible in a diabetic mouse’s pancreas (top, blue), an 
effect less visible in a human sample (below).
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Smokers Respond to Pictorial 
Health Warnings  
IN THE NEWS & ANALYSIS STORY “ANTISMOKING DRIVE TRIES CIGARETTE 
ads, in reverse” (S. Reardon, 1 July, p. 23), social psychologist 

Carol Tavris expressed doubts about the effectiveness of pictorial 

health warnings on tobacco packaging. 

However, there is extensive evidence sup-

porting the effectiveness of this strategy 

(1). Survey results show that whether a 

smoker notices the warnings and how he or 

she reacts to them are consistent prospec-

tive predictors of making quit attempts 

(2). Studies also report increased use of 

telephone-based smoking cessation (quit-

line) services in response to the introduc-

tion of such pictorial warnings in Australia 

(3), Brazil (4), and New Zealand [short 

term (5) and longer term (6)]. Similar 

responses have been reported when new 

text-based health warnings, which also featured a quitline number, 

were introduced in the Netherlands (7) and the United Kingdom (8). 

There is little doubt that pictorial health warnings are effective, but 

there is still a need for ongoing research to identify the most effective 

images and wording in different countries and the optimal frequency 

at which pictures should be replaced with new images. Research 

should also explore cost-effectiveness, which is likely to be high.
NICK WILSON

University of Otago, Wellington, New Zealand. E-mail: nick.wilson@otago.ac.nz
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Restoring Tigers to 

the Caspian Region

EFFORTS TO SAVE TIGERS IN THEIR NATIVE 
habitat are faring badly (1–3). Although 

counts of living tigers have been contested 

(e.g., “Counting India’s wild tigers reli-

ably,” K. U. Karanth et al., Letters, 13 May, 

p. 791), it is clear that four of nine recog-

nized tiger subspecies are extinct, and the 

census of wild tigers has plummeted from 

100,000 a century ago to less than 3500 

today. At the November 2010 Tiger Summit 

in St. Petersburg, 13 Tiger Range States 

pledged to reverse the extinction process 

and set a goal of doubling wild tiger num-

bers by 2022, the next Chinese Year of the 

Tiger (4).

Despite intense interest, resolve, exper-

tise, and expenditure in the realm of mil-

lions of U.S. dollars, traditional conser-

vation approaches are proving insuffi cient. 

It is time to consider new approaches. 

One provocative proposal is to reintroduce 

tigers into selected habitat within the historic 

range of the now-extinct Caspian tigers (5). 

Tigers disappeared from the region 40 years 

ago, but detailed ecological assessments have 

identifi ed over one million square kilome-

ters of potentially suitable habitat in a Cas-

pian region as large as the continental United 

States (2, 6). Recent genetic analyses found 

the difference between the living Amur tigers 

and the extinct Caspians to be negligible (7). 

There are 500 genetically healthy Amur-

Caspian tigers in managed zoo collections 

and up to a few thousand more among the 

roughly 15,000 captive generic tigers—i.e., 

those with unknown subspecies ancestry—

worldwide (8, 9). These tigers can be a source 

for reintroduction once they are suffi ciently 

acclimated and the habitats in question have 

been appropriately prepared (preparation 

may include  fostering natural habitats, boost-

ing the prey base, supporting antipoaching 

law enforcement, relocating human settle-

ments, and stabilizing freshwater resources).   

Specialists from the 13 current Tiger 

Range States alongside the 12 central Asian 

countries where Caspian tigers roamed a 

generation ago, particularly the Republic of 

Kazakhstan, should evaluate the prospects for 

identifying suitable habitat and planned rein-

troduction in the Caspian areas (5). In March 

2011, the Prime Minister of Kazakhstan 

pledged government support and funds for 

preparation of territories of future release (5). 

The tiger is an apex predator; the entire 

habitat is affected by its absence. We suggest 

restoring former landscapes to be as biologi-

cally full, diverse, productive, and interesting 

as they once were. 

CARLOS A. DRISCOLL,1,2 SHUJIN LUO,3 DAVID 

MACDONALD,1 ERIC DINERSTEIN,4 IGOR CHESTIN,5 

OLGA PERELADOVA,5 STEPHEN J. O’BRIEN2*
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Battery Vehicles Reduce 

CO2 Emissions
R. F. SERVICE’S “BATTERY FAQS” (NEWS FOCUS, 
24 June, p. 1495) attempts to answer the ques-

tion “How will widespread adoption of elec-

tric vehicles affect CO2 emissions and pos-

sible climate change?” The answer Service 

provides—that CO2 emissions will not be 

affected unless renewable energy sources 

generate the electricity that powers the cars—

is inaccurate.   

Even in the U.S. mid-Atlantic region, with 

a large percentage of electric power gener-

ated by coal, switching 10% of the fl eet from 

gasoline vehicles to electric would cause the 

net CO2 emissions (including emissions from 

power generation) per switched vehicle to 

drop by about 5%; in less coal-heavy New 

York state, net CO2 emissions per switched 

vehicle would drop by about 12% (1). The 

decrease would occur because an electric 

motor is more effi cient than an internal com-

bustion engine (2) and because the electric 

vehicle recycles some of its energy by using 

regenerative braking. 
JAY APT,* SCOTT B. PETERSON, J. F. WHITACRE

Carnegie Mellon Electricity Industry Center, Carnegie Mel-
lon University, Pittsburgh PA 15213, USA.

*To whom correspondence should be addressed. E-mail: 
apt@cmu.edu

References
 1.  S. B. Peterson, J. F. Whitacre, J. Apt, Environ. Sci. Technol. 

45, 1792 (2011).
 2.  M. Ahman, Energy 26, 973 (2001).

Courts Complicate 

Industry-Academia Ties

THE U.S. SUPREME COURT HAS THROWN A 
wrench into the Innovation Toolkit described 

by R. S. Williams and S. Desmond-Hellmann 

in their Editorial about industry/academia 

partnerships (“Making translation work,” 

17 June, p. 1359). The authors encouraged 

new methods for sharing and profi ting from 

intellectual property, and they suggested that 

“[c]onfidentiality provisions of industry/

academia partnerships can be adjusted” for 

mutual benefi t. The recent Court decision 

allowed an industry confi dentiality agree-

ment to trump a prior academic employment 

agreement (1). 

This decision was based on a dispute 

between the pharmaceutical and diagnos-

tics company Roche and Stanford Univer-

sity over rights to the work of a Research Fel-

low who had been sent by Stanford to Roche 

(then Cetus) to learn the technique of PCR 

amplifi cation. The U.S. Court of Appeals for 

the Federal Circuit found that  the Fellow’s 

agreement with Stanford (“agrees to assign” 

to Stanford “right, title, and interest” in 

inventions resulting from his employment at 

the University) was a mere promise, whereas 

his Roche (then Cetus) agreement (“does 

hereby assign” to Cetus “his right, title, and 

interest in each of the ideas, inventions, and 

improvements” made “as a consequence of 

[his] access” to Cetus) was an actual assign-

ment and superseded the Stanford agreement 

as a matter of  contract law. 

This decision could lead to difficulties 

for the academic-industry relationships sup-

ported by Williams and Desmond-Hellmann. 

The employment contracts used by many aca-

demic institutions, including Stanford and the 

University of California—major biomedical 

patent holders—still contain the language 

deemed weak by the Court. Modifying exist-

ing contracts retroactively presents a formi-

dable legal and practical task. Although many 

academics might agree to such modifi cations 

of existing contracts, some may not, espe-

cially those who have a substantial interest in 

a company. Furthermore, outside agreements 

by faculty are often contained in confi dential-

ity agreements, which administrators may not 

see; requiring disclosure here could be chal-

lenging. In addition, companies who want to 

shed licensing and royalty arrangements with 

academia can now challenge the intellectual 

property rights of academic institutions. With 

the conclusion of this dispute, the patent court  

system’s ability to navigate this issue as Wil-

liams and Desmond-Hellmann envisioned has 

been exhausted. Other agreement approaches 

are now needed for “delivering the promising 

results of academic research to industry.”   
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CORRECTIONS AND CLARIFICATIONS

News Focus: “Possible sighting of dark matter fi res up 
search and tempers” by Y. Bhattacharjee (3 June, p. 1144). 
The story referred to the site of the CoGeNT experiment 
as an “abandoned mine.” To clarify, mining is no longer 
conducted at the site but it is still in active use as a science 
park and underground lab.

Perspectives: “Revealing the gamma-ray jet in a black hole 
binary” by M. J. Hardcastle (22 April, p. 429). Due to an edi-
torial error, the fi rst sentence of the second paragraph mis-
stated the distance between the binary pair and the distance 
from Earth. The sentence should read, “Cygnus X-1 is a 
binary pair formed of a massive star (~20 times the mass of 
the Sun) and a black hole approximately 10 times the mass 
of the Sun (6), separated by about 0.2 astronomical units 
and located about 6000 light years from Earth (7).”

Letters to the Editor

Letters (~300 words) discuss material published in 

Science in the past 3 months or matters of gen-

eral interest. Letters are not acknowledged upon 

receipt. Whether published in full or in part, Let-

ters are subject to editing for clarity and space. 

Letters submitted, published, or posted elsewhere, 

in print or online, will be disqualifi ed. To submit a 

Letter, go to www.submit2science.org.
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          T
he standing of facts has not been very 

secure under the reign of historical, 

philosophical, and social perspec-

tives on science that have grown up over the 

past half century. The scholars’ skepticism 

has not, in most cases, been nihilistic or irra-

tionalist. Instead, it refl ects doubts that fac-

tual nuggets can carry their own meaning, 

independent of the theoretical frameworks 

and the places or material conditions under 

which they are observed, recorded, deployed, 

and interpreted. Etymologically, and often in 

practice, facts are made things. This is espe-

cially the case for science, so much of which 

is fashioned now in laboratories.

The contributors to How Well Do Facts 

Travel do not challenge—but affi rm the real-

ity of—facts, examining their textures and 

circumstances and asking in every case how, 

and how successfully, these facts have been 

detached from a particular location and trans-

ported to another. This movement is some-

times a matter of communication and credi-

bility, as when European explorers voy-

aged to unknown lands and sent 

back reports with drawings of 

strange (but not always unan-

ticipated) creatures like rhi-

noceroses and unicorns. 

Sometimes it is about 

skill and resources, as 

when a farmer wishes to 

raise crops using seeds 

brought in from another 

continent or a scientist 

wants to build a labo-

ratory that can achieve 

results like some reported 

in a foreign journal.

A successful fact needs 

to withstand challenges like 

these. Operationally, the capac-

ity to travel in word or deed is virtu-

ally a precondition for achieving the status of 

fact. The rigors and the productiveness of such 

travel defi ne the problematic of this interest-

ing collection. In terms of subject matter, the 

authors take a most capacious view of the fact, 

which is here instantiated sometimes as a nug-

get of purported truth, sometimes as a mate-

rial object such as an architectural element, 

sometimes as instructions for implementing a 

technological system such as Green-Revolu-

tion agriculture, and sometimes as a predic-

tion or theoretical claim such as (the denial of) 

anthropogenic climate change. 

Travel, too, is all over the map 

here: not just movement across 

land and sea, but from one dis-

cipline to another and between 

specialists and general audi-

ences or makers and users. A 

few papers scarcely deal with 

any divides at all, whether spa-

tial, disciplinary, professional, 

or cultural, but chronicle 

efforts to gain acceptance for 

techniques or claims within a 

profession or a fi eld of science.

What is successful travel? It may seem at 

fi rst that the passage of content intact from 

one site or person to others is the real object 

of travel. The narrow conception of the fact 

as something small, clear, and indivisible 

encourages this view. Advocates of 

“public understanding” of science 

are often satisf ied if people 

accede to doctrines of climate 

change, evolution, or the 

Big Bang as factual, even 

if most never look beneath 

the hood to examine mech-

anisms, evidence, or mean-

ings. This is a discouragingly 

narrow view of what science can 

do for public intelligence, but even 

scientists with greater ambitions should rec-

ognize that lay interest in science is legiti-

mately different from the researcher’s. Not 

only will citizens typically turn aside from 

technicalities of science, they may also be 

more immediately concerned with its impli-

cations. And in general, perfect fi delity of 

transmission is always unrealistic and often 

undesirable. We might even say that travel 

from one discipline to another, or between 

fundamental and profit-seeking research, 

is not really successful if the fact merely 

moves, merging seamlessly rather than pro-

voking and stimulating. And yet there is 

always danger that creative adaptation may 

corrupt rather than advance knowledge.

While lacking a tightly demarcated topic, 

the collection sketches out and explores a rich 

problematic. This assumes the form of a set 

of questions and maxims that can be applied 

to almost any technology or fi eld of knowl-

edge. Mary Morgan sums this up in her intro-

duction, which excerpts from 

the arguments in the vari-

ous papers to illustrate the 

consequences—sometimes 

desirable, sometimes not—

to which traveling facts can 

lead. Peter Howlett and Aas-

hish Velkar’s story of agricul-

ture in India features experts 

teaching farmers to use new 

crop strains and new tech-

niques while paying enough 

attention to local situations to 

make appropriate modifi cations. Also rather 

simple in principle, though demanding in 

execution, are bioinformatic databases (dis-

cussed by Sabina Leonelli). Around these 

has grown a whole profession of curators, 

who aim to extend scientific communica-

tion beyond the large conclusions defended 

in published papers by assisting scientists in 

harnessing the infi nity of “small facts” pro-

duced in the course of normal research. On 

a darker note, Naomi Oreskes tells of self-

interested, organized skepticism about cli-

mate change, which corruptly 

deploys the mechanisms of fact-

travel to dupe the public. A dif-

ferent kind of critique is offered 

by Heather Schell, who describes 

the striking alliance of evolution-

ary psychologists and writers of 

romance fi ction as a vicious circle. 

The writers, she explains, derived legitimacy 

and some stimulation from theories of the 

alpha male, while psychologists invoked the 

popularity of such writing as evidence of an 

instinctive popular awareness of the divergent 

evolutionary forces acting on human males 

and females. Edmund Ramsden’s amusing 

tale of experimental crowding of rodents 

and population anxieties about humans has a 

broadly similar character.

How Well Do Facts Travel? resulted from 

a project organized by the editors at the Lon-

don School of Economics with funds suffi -

cient to support postdoctoral positions and 

to bring in the authors for a succession of 

workshops. In the course of this collabora-

tion, the contributors developed a common 

vocabulary, relying not on invented jargon 
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University of California, Los Angeles, Los Angeles, CA 
90095–1473, USA. E-mail: tporter@history.ucla.edu

How Well Do Facts Travel? 

The Dissemination of 

Reliable Knowledge

 Peter Howlett and 

Mary S. Morgan, Eds.

Cambridge University Press, 

Cambridge, 2011. 485 pp. 

$95, £60. ISBN 9780521196543. 

Paper, $29.99, £19.99. 

ISBN 9780521159586.

Long-lived “fact.” According to the 
tablet marking his grave in Westminster 
Abbey, Thomas Parr (“Old Parr”) died 
in 1635 “aged 152 yeares,” a “geron-
tological ‘fact’” generally accepted well 
into the 19th century.

http://www.sciencemag.org
mailto:tporter@history.ucla.edu


BOOKS ET AL.

www.sciencemag.org    SCIENCE    VOL 333    12 AUGUST 2011 825

but on terms that often draw their mean-

ing from an analogy with the experience of 

travel on trains, buses, or automobiles. Facts 

can sometimes go it alone, for example, but 

often fl ourish only in the company of travel-

ing companions (in the form of allied facts). 

The authors explore the ties and the tensions 

between “integrity” and “fertility” of travel, 

involving a dialogue of replication and vari-

ation. None of this is shockingly original as 

theory, but we encounter here a variety of 

perspectives on the problem of travel, pre-

sented in papers, often attractively written, 

that take seriously their particular topics.   
10.1126/science.1207944

C
R

E
D

IT
: 
T

H
E

 E
C

O
N

O
M

IS
T

          F
or almost 500 years, science has been 

relentlessly removing humans from 

a privileged place in time and space. 

Copernicus put the Sun at the center of the 

solar system. Hutton inferred that Earth was 

ancient, and Holmes estimated its age at 4.5 

billion years. Darwin revealed that we are, 

like every other species, descended from ear-

lier life forms. Increasing scientifi c knowl-

edge has seemed to lead almost inevitably to 

the view that we are just a blip—one among 

millions of species, occupying a few recent 

moments of Earth history. Although science 

will never place humanity back at the center 

of creation, the accumulation 

of fi ndings from several fi elds 

has shown that we no longer 

play a bit part on the planet.

The role of humans on the 

global stage is the theme of 

Curt Stager’s Deep Future. 

Stager (a paleoecologist at 

Paul Smith’s College, New 

York) begins by welcoming 

readers to the Age of Humans 

(Anthropocene). He immediately follows 

with words that will discomfi t many tradi-

tional conservationists: “Welcome to the end 

of the natural world as a realm that is some-

how meaningfully distinct from humanity.” 

The remainder of the prologue makes the 

book’s argument clear: human effects on the 

We Need a Deeper 

Sense of Time

EARTH SCIENCES
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globe are pervasive, the processes we are 

changing are slow, and thus understanding 

our own impact requires a long temporal per-

spective. Even those who study global change 

commonly take 2100 CE as the outer tempo-

ral limit for their projections, failing to realize 

that human effects are, as Stager puts it, “so 

large, powerful, and long-lived that they can-

not be fully understood from a mere century-

scale point of view.”

Through the book’s 11 chapters, Stager 

explains many of the basic processes that 

affect climate, such as orbital 

oscillations, ocean circulation, 

and the carbon cycle. Maintain-

ing a casual style and providing 

vivid metaphors, he makes his 

account entertaining and easy 

for nontechnical readers to 

understand. Along the way, he 

focuses on important examples 

of past climate change, such as 

the Eemian interglacial 130,000 

years ago and the “super greenhouse” Paleo-

cene-Eocene Thermal Maximum (PETM) of 

56 million years ago. Although I found a few 

small points to quibble with in the chapter on 

the PETM (my specialty), Stager shines in 

making these episodes from climate history 

relevant to the future by comparing them to 

moderate and extreme scenarios for anthropo-

genic global warming.

The chapter on Greenland presents Stag-

er’s most compelling story of the deep future. 

Relying on simulations of the 

effects of high partial pressure of 

carbon dioxide by Richard Alley, 

Jeff Ridley, and others, Stager lays 

out the development of Green-

land’s landscape and economy as 

its ice cap melts. He even play-

fully proposes a name, Ny Fjord 

(New Fjord), for the giant tongue 

of ocean that could come to occupy 

central Greenland by 5000 CE. He 

envisions a thriving Arctic-fi shing 

industry lining the shores of the 

400-m-deep fjord, then explains 

how the fjord would (to the shock 

of most nongeologists) empty over 

the succeeding 50,000 years as 

isostatic rebound following degla-

ciation raises the crust of central 

Greenland. This example demon-

strates that a lot of drama can be 

found in linking results from long-

term models to a specifi c landscape 

and imagining how people would 

fi t into that world to come.

The deep future will never be as 

salient as tomorrow, nor should it 

be. Nonetheless, the consequences of anthro-

pogenic environmental change are so large 

and play out so slowly that the really long-

term perspective must be considered. Stager 

argues that a mature perspective on the global 

environment cannot fi nd escape in the apoca-

lypse, in false hope of a return to some pre-

human state, nor in cynical resignation that 

short-term benefi ts will trump all long-term 

costs. We lack the capacity to “destroy the 

planet” as it is sometimes formulated but also 

the ability to return it to a “state of nature,” 

if such a state implies no human infl uence. 

The Earth sciences community has been very 

focused on improving our ability to predict, 

but now we must help develop and spread 

the habits of mind and society that will allow 

people to use our predictions.

Books such as Deep Future, along with 

recent articles on the Anthropocene in the 

New York Times, the Economist, and National 

Geographic, offer hopeful signs that a truly 

long-term perspective is spreading to lay 

audiences. Perhaps residents of the later 

Anthropocene will look back and see the 

early 21st century as the time when human-

ity’s perspective on itself changed again—

when we realized that our descendants will 

live in the world we knowingly shape. Our 

outsized infl uence entails a responsibility to 

fi gure out not just how our planet works but 

also how to pragmatically use that knowledge 

to improve our future.   
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EDUCATIONFORUM

            Q
uantitative social scientists seek to 

develop ever-better tools for mea-

suring and improving school teacher 

performance. One approach uses 

data on individual students’ past test scores 

to predict subsequent scores and then sub-

tracts the (counterfactual) prediction from 

the actual scores to estimate teachers’ “value 

added.” But there is considerable debate 

about what educational benefi ts these mea-

sures might yield. I discuss scholarly agree-

ments and disagreements about statistical 

properties of teacher value-added measures 

and argue that most key research questions 

cannot be answered by the types of studies 

that now dominate the literature ( 1).

Improving Test-Based Accountability

Nearly all educational accountability sys-

tems that reward or punish schools based on 

student performance, including U.S. federal 

law, focus on point-in-time snapshots of stu-

dent performance that fail to account for prior 

schooling quality and nonschool factors. 

These are highly correlated with race or eth-

nicity and family income; thus, we can gauge 

the importance of these 

external factors by compar-

ing initial achievement levels 

by race and related dimen-

sions. Black students in the 

United States, for example, 

begin school (kindergarten) 

with test scores 25 percentile points below 

those of white students ( 2). The result is that 

most variation in schools’ average scores is 

driven by these “starting gate inequalities” 

( 3) that are beyond the control of educators.

Most accountability policies also focus 

on school-level performance. When perfor-

mance is measured for an entire organization, 

low-performing group members can take 

“free rides,” benefi ting from higher-perform-

ing members. In theory, external school-level 

accountability might induce school leaders 

to create internal teacher-level accountability 

systems to prevent free-riding, but schools 

rarely do so. In U.S. schools, the vast major-

ity of teachers have considerable autonomy 

and job security and are evaluated and paid 

based on many factors other than classroom 

performance ( 4,  5).

Teacher value-added measures have 

become popular in the United States because, 

by making more reasonable achievement pre-

dictions, they address the point-in-time prob-

lem, and by focusing on individual teachers, 

they address the free-rider problem. In Los 

Angeles, teachers’ names appear on a public 

Web site along with their value-added mea-

sures. Spurred on by the Obama Administra-

tion’s Race to the Top and Teacher Incentive 

Fund initiatives, state and local governments 

are investing billions of dollars and consider-

able political capital to create and use these 

measures (in most cases, combined with 

other measures) in personnel decisions, both 

low-stakes (e.g., professional development) 

and high (e.g., pay and dismissal).

Properties of Value-Added Measures

Whether using value-added in these ways 

will improve education depends partly on 

the measures’ statistical properties. Bias and 

imprecision could place some teachers in the 

wrong performance categories, which poses 

ethical issues and likely misdirects teacher 

responses to incentives.

Point-in-time measures are biased esti-

mates of real teacher performance because 

they ignore achievement at the time students 

enter the classroom, essentially by assum-

ing that all students have exactly the same 

predicted achievement. Value-added mea-

sures are less biased because they account 

for students’ prior test scores and other fac-

tors and thus make better predictions. The 

correlation between school-level value-

added and point-in-time measures is only 

0.47 in one study ( 6), which implies that 

they are not capturing the same underlying 

construct—same students, same outcome 

measures, same time periods, same schools, 

but different performance measures.

Looking at the individual-teacher level, 

some emerging evidence supports the valid-

ity of value-added. Students and teachers 

were randomly assigned to classrooms, and 

value-added measures based on teacher per-

formance prerandomization were accurate 

predictors of value-added postrandomization 

( 7). Recent evidence uses simulation analy-

sis to show that statistical models being uti-

lized in U.S. schools that employ value-added 

are highly correlated with (simulated) “true” 

performance under a range of conditions ( 8). 

Studies have found promising correlations 

of 0.18 to 0.32 between teacher value-added 

measures and subjective teacher evaluations 

by school leaders ( 9– 11).

The results of other studies are more 

worrisome. Few of the assumptions under-

lying value-added are valid ( 12). Although 

value-added measures improve on point-in-

time measures by reducing selection bias in 

the assignment of students to teachers and 

schools, the assignment process still biases 

value-added measures ( 13). Some schools 

administer more than one assessment to 

each student each year, but the correlation 

between teacher value-added estimated from 

the two assessments is only 0.2 to 0.6 ( 14). 

There are different ways to estimate value-

added, and the correlation across these is as 

low as 0.27 ( 12).

Even an unbiased value-added measure 

would come at a cost of imprecision due to 

sampling and measurement errors in individ-

ual student test scores. Although these sources 

of random error apply to point-in-time mea-

sures, they are much worse with value-added 

measures because they are based on test score 

growth from one point in time to another.

The result is that it is only possible to say 

with statistical confi dence that teachers at the 

extremes of the performance distribution can 

be distinguished from one another, but those 

anywhere near the middle cannot be distin-
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guished either from one another or from the 

extremes. Teacher value-added measures are 

unstable from year-to-year. One study fi nds 

that only 28 to 50% of teachers ranked in the 

top fi fth on value-added one year were still 

ranked in the top fi fth in the subsequent year, 

and 4 to 15% switched from the top fi fth to 

the bottom fi fth ( 15). Using 2- to 3-year roll-

ing averages improves stability, but random 

error cannot be eliminated ( 15).

There is disagreement about the prac-

tical implications of random error. Some 

have argued that the instability is in line 

with other professions, which suggests that 

they are within reasonable bounds; correla-

tions in year-to-year performance measures 

across professions range from at least 0.2 to 

0.7 ( 16), although it is diffi cult to draw con-

clusions from such a broad range. Instead of 

comparing across jobs, we could judge bias 

and precision through standards set by profes-

sional organizations. Although such standards 

are available in education, they are diffi cult 

if not impossible to satisfy fully in practice 

(e.g., teacher performance measures should 

be “unbiased”) ( 17,  18). Current performance 

measures—such as teachers’ academic cre-

dentials—also fall short, as they have shown 

little to no relation to student performance ( 4).

Value-Added Measures in Accountability

The current point-in-time approach has 

consequences for students, apparently frus-

trating teachers in disadvantaged schools, 

inducing teachers to leave these schools, 

and reinforcing schools’ tendencies to adopt 

the latest educational fads ( 1). The key issue 

is whether teacher value-added measures 

do more to improve teaching and learning, 

either by identifying better teacher candi-

dates or by helping hired teachers improve. 

Even if the value-added measures contained 

no bias or imprecision, there is no guaran-

tee that incentives based on them would 

improve performance. This may be why 

only 6% of private-sector workers ( 19) and 

only 15% of private-school teachers ( 20) are 

paid based directly on their outputs or per-

formance. Performance pay does not have a 

strong track record in teaching, as suggested 

by two recent randomized trials ( 21,  22).

The effects of value-added policies in 

practice are also likely to be muted by some 

important practical limitations. Even if 

schools could ignore social skills and civic-

mindedness and focus only on academic 

skills, U.S. standardized tests, on which 

value-added measures are built, are widely 

considered to be poor measures of the aca-

demic learning that parents, educators, and 

policy-makers expect from students. Teacher 

value-added measures should therefore be 

combined with more direct measures of 

classroom practice when making overall 

performance judgments. Although coming 

at some fi nancial cost, collecting and com-

bining measures reduces bias and impreci-

sion and provides more useful information to 

guide teachers and school leaders.

Although the evidence that these mea-

sures can improve teaching and learning is 

scant, at least two studies try to quantify the 

benefi ts in economic terms ( 23,  24). These 

studies rest on some questionable assump-

tions, however. One study ( 23) assumes that 

effects of a sequence of teachers can be added 

together, despite evidence that short-term 

effects of effective teachers “fade out” once 

students move on to other grades ( 15). Both 

studies assume that increases in high-stakes 

standardized tests translate to gains in worker 

productivity, despite evidence that value-

added on one test does not carry over to other 

tests ( 14), let alone to the workplace ( 1). This 

likely makes measured variation in teacher 

value-added and, thus, benefi ts of dismissing 

low-performing teachers, appear much larger 

than they actually are. For such reasons, the 

benefi ts are very likely overstated.

Can Value-Added Improve Education?

The statistical properties of value-added mea-

sures are unlikely to improve much. Accord-

ing to Campbell’s law ( 25), using the mea-

sures in high-stakes decisions will probably 

distort the measures themselves and make 

matters worse. Still, can value-added mea-

sures improve human welfare through bet-

ter teaching and learning? Although much of 

the research might intend to answer this, very 

little of the research comes close to doing so 

(with a few exceptions, including the merit 

pay experiments). Many of the developing 

and potential uses of value-added have not 

been studied at all, and there are few plans 

to rectify this. We need rigorous evaluation, 

not only of the statistical properties, but also 

of the use of the measures in schools. Until 

researchers who have demonstrated the theo-

retical promise of value-added measures also 

demonstrate its effectiveness in practice, the 

vacuum of empirical evidence will continue 

to be fi lled by ideology and speculation.
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        T
he transition of plants to land, 470 

million years ago, relied on the emer-

gence of cooperation between plants 

and soil microbes ( 1). Both fossil records and 

the conserved mechanism for fungal recog-

nition among plants ( 2) support the ancestral 

nature of this relationship. Today, in over 80% 

of land plants, roots associate with the soil 

fungi Glomeromycetes, forming chimeric 

organs called mycorrhizae ( 3). Plants depend 

on Glomeromycetes for mineral resources, 

especially phosphorus, which is limiting in 

many soils. Reciprocally, Glomeromyce-

tes depend on nutrients produced by plants 

during photosynthesis (see the fi gure). On 

page 880 of this issue, Kiers et al. ( 4) unravel 

mechanisms that stabilize this ancient symbi-

otic relationship.

Cooperation between different species 

is intrinsically unstable. As Darwin stated 

in The Origin of Species, “natural selection 

cannot possibly produce any modification 

in any one species exclusively for the good 

of another species.” Because cooperation 

entails costs, any mutant that enhances its 

fi tness (i.e., the ability to produce more off-

spring) by defecting from cooperation will 

be favored, even if this destabilizes the rela-

tionship. However, various stabilizing mech-

anisms exist ( 5). If the reward has no cost for 

one partner, then there is no benefi t to defect-

ing; or if both partners reproduce together in 

a common structure (vertical transmission, in 

zygotes or asexual propagules), harm to one 

partner also harms the other. For mycorrhizal 

partners, nutrient exchange is costly (verti-

cal transmission never evolved, as mycorrhi-

zal fungi cannot colonize seeds). Moreover, 

each fungus interacts with several plants, and 

vice versa ( 3). When plants are offered dif-

ferent fungal partners, the outcomes for the 

plant range from benefi cial to deleterious ( 6). 

Here, another mechanism might act: restrict-

ing cooperation to partners that reciprocate.

Kiers et al. investigated plants colonized 

by up to three Glomeromycete species. By 

tracking the incorporation of carbon from 

plants into fungal RNAs, the authors show 

that the most cooperative fungi receive more 

carbon than the other species. That plants 

sanction noncooperative root microbial sym-

bionts is already reported ( 7,  8), but Kiers et 

al. now show that plants discriminate fungi at 

fi ne scale, even when multiple fungi colonize 

a root. They inoculated a single root with two 

different fungi, which were allowed to simul-

taneously grow into separate environmental 

compartments. Then, they enforced each fun-

gus to be cooperative (or not) by adding some 

(or no) phosphorus to its own compartment. 

The more cooperative fungus received more 

carbon from root cells. Likewise, Kiers et 

al. manipulated plant cooperation by expos-

ing roots to variable amounts of sucrose as a 

carbon source (which Glomeromycetes only 

use after plants hydrolyze it to glucose). The 

fungi made more phosphorus available to the 

roots that offered more carbon. Thus, both 

partners choose more rewarding symbionts, 

and control cooperation based on bidirec-

tional exchange of nutrients.

The study by Kiers et al. should direct 

more empirical and theoretical attention to 

“biological markets.” The market metaphor 

describes iterated interactions wherein an 

individual can change a partner on the basis 

of the services supplied by the other partner, 

comparable to an ideal human market econ-

omy. The ability to switch partners is a sim-

ple mechanism that favors cooperation both 

within and between species ( 4,  9). Beyond 

classic examples of biological markets [e.g., 

fi sh cleaning parasites off fi sh of another spe-

cies ( 9)], market processes have not always 

received sufficient attention. In particular, 

much research on reciprocal cooperation has 

assumed that an individual has the oppor-

tunity to terminate cooperation with a part-

ner that has defected, but not to seek another 

partner. The outcome of interactions without 

partner choice is highly sensitive to the strate-

gies available to each partner, raising doubts 

The Plant-Fungal Marketplace
EVOLUTION

Marc-André Selosse 1 and François Rousset 2  

Plant-fungal symbiosis is stabilized by 

the extent of reciprocal nutrient supply.

Fungal hypha

Carbon Carbon

Phosphorus

Nitrogen Nitrogen

(NH
4

+, NO
3

–)

Polyphosphates
Inorganic

phosphorus

Amino acids

(arginine)

Arbuscules
Roots

Nutrient exchange and reciprocal protection

Plant root cell

Perfect partners. (A) Glomeromycete fungi produce structures called arbuscules within root cells to exchange 
nutrients. Inset photo shows roots of Allium porrum colonized by Glomus mosseae [reproduced from ( 15) with 
permission from NRC Research Press]. (B) The symbiotic benefi ts include reciprocal nutrient exchange and 
protection against abiotic and biotic stress in the soil environment.

C
R

E
D

IT
: 
B

. 
S

T
R

A
U

C
H

/S
C

IE
N

C
E

1Centre d’Ecologie Fonctionnelle et Evolutive (CEFE-CNRS), 
Montpellier, France. 2Institut des Sciences de l’Evolution 
(ISEM), Université Montpellier 2, Montpellier, France. 
E-mail: marc-andre.selosse@cefe.cnrs.fr

http://www.sciencemag.org
mailto:marc-andre.selosse@cefe.cnrs.fr


www.sciencemag.org    SCIENCE    VOL 333    12 AUGUST 2011 829

PERSPECTIVES

about explanations that do not allow partner 

choice ( 10). Another investigated process is 

the interaction between relatives of the same 

species, which is relevant in interactions 

between members of different species inso-

far as relatives of one partner (e.g., a bacte-

rial clone) receive the benefi ts of the recip-

rocating host, but partner choice may still be 

required for the stability of cooperation. Bio-

logical markets are often markedly asymmet-

ric in that one partner has more control than 

the other ( 11). For example, nitrogen-fi xing 

rhizobia associated with legumes have no 

opportunity to change partners once enter-

ing a host plant’s roots ( 7). By contrast, Kiers 

et al. show that both plants and their fun-

gal symbionts can switch partners, allowing 

cooperation enforcement on both sides.

Many plant lineages, including Ericaceae, 

orchids, and temperate forest trees, among 

others, abandoned Glomeromycetes and 

shifted to mycorrhizal interaction with dif-

ferent fungal lineages ( 1,  3). These conver-

gent evolutions offer opportunities to exam-

ine bidirectional control in phylogenetically 

independent replicates of the mycorrhizal 

interaction. And indeed, nutrient fl ux from  

temperate tree roots to mycorrhizal fungi 

depends on nutrient delivery in the opposite 

direction ( 12). Moreover, mycorrhizal inter-

actions involve diverse rewards such as other 

nutrients [e.g., water or nitrogen for plants, 

perhaps vitamins for fungi ( 3)] and protec-

tion against abiotic and biotic stress. Pro-

tection may be the main benefi t for plants in 

some ecosystems ( 13). Future investigations 

may test whether these other rewards are also 

used for controlling cooperation.

The story may be even more complex. In 

several plant families, some nonphotosyn-

thetic plants receive both mineral nutrients 

and carbon from mycorrhizal Glomeromyce-

tes ( 3,  14). Fungi associated with such hetero-

trophic plants do not control for the exchange 

of phosphorus against carbon. What drives 

this apparent lack of reciprocity? Do these 

heterotrophic plants confer other benefi ts, 

or do they manipulate the partner’s ability to 

discriminate, and thus successfully parasit-

ize the mycorrhizal symbiosis? On the fun-

gal side, less-cooperative species success-

fully persist, as shown by Kiers et al. Thus, 

bidirectional control may not alone explain 

the persistence of the mycorrhizal symbiosis 

over 470 million years. 
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Determining Sexual Identity

DEVELOPMENT

Mark Van Doren

In Drosophila, expression of the Sex lethal gene 

feminizes male germ cells.

        B
ack when we were embryos, a genetic 

“switch” was thrown, providing us 

with a male or female identity that 

had profound infl uence on the development 

of our bodies and our minds. The effects of 

sex determination are particularly important 

in the germ cells, which must form either the 

sperm or eggs necessary for sexual reproduc-

tion. The mechanism that determines sex in 

the germ line can be very different from the 

mechanism that determines sex for the rest of 

the body, the soma. On page 885 of this issue, 

Hashiyama et al. describe a critical aspect of 

how germline sex determination is regulated 

in fruit fl ies ( 1), bringing us a step closer to 

understanding how sexual identity is regu-

lated in humans and other animals.

Germ cells usually develop in close con-

tact with specialized somatic cells in the 

gonads. These somatic cells are essential to 

regulate germ cell development, germline 

stem cell function, and gametogenesis (for-

mation of sperm or egg). The somatic gonad 

also plays an important role in infl uencing 

germline sex determination. In some species, 

the sex of the soma is suffi cient to determine 

the sex of the germ cells, and the germ line 

will follow along with whatever sex the soma 

happens to be—even switching from making 

sperm to making eggs, or vice versa, in those 

animals that can naturally change their sex. 

However, in other species such as fruit fl ies, 

mice, and humans, the sex chromosome con-

stitution of the germ cells is also important 
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Determining sexual identity. In the 
Drosophila gonad (left), the pres-
ence of two X chromosomes activates 
an RNA binding protein (Sxl) and 
gene expression via alternative splic-
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produce the female form of a tran-
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kinase/signal transducer and activa-
tor of transcription (JAK/STAT) path-
way (blue arrows) in males ( 15), and 
an unknown pathway (red arrows) in 
females. In the germ line (right), the 
presence of two X chromosomes also 
leads to Sxl expression, but its activa-
tion process and downstream targets 
are different than in the soma.P

H
O

T
O

 C
R

E
D

IT
: 
T

_
E

N
G

IN
E

E
R

/I
S

T
O

C
K

P
H

O
T

O
.C

O
M

http://www.sciencemag.org
mailto:vandoren@jhu.edu
http://www.sciencemag.org/cgi/content/abstract/science.1210722
http://ISTOCKPHOTO.COM


12 AUGUST 2011    VOL 333    SCIENCE    www.sciencemag.org 830

PERSPECTIVES

for germ cell development, and the sex of 

the germ cells must match that of the soma 

for proper gametogenesis to occur ( 2). A 

key question facing researchers is how the 

germ line coordinates signals from the soma 

with its own sex chromosome constitution to 

achieve proper sexual identity.

Hashiyama et al. demonstrate that in 

Drosophila, a gene named Sex lethal (Sxl) 

acts as a key switch in regulating germline 

sex determination. Expression of Sxl is suf-

fi cient to allow germ cells with an XY geno-

type, which would normally be male, to pro-

duce eggs when they are transplanted into 

a female soma (ovary)—something that a 

male germ cell would normally never do. 

There are several reasons why this work is 

exciting. First, Sxl expression is able to over-

come the incompatibility between a male 

germ line and a female soma. This offers 

insight into how the two distinct inputs from 

the germ line and soma contribute to germ-

line sex determination. Second, the fact that 

Sxl is suffi cient to activate female germline 

identity is interesting given that it is also the 

key switch gene in determining the sex of the 

soma ( 3), yet it acts differently in the germ 

line. Lastly, Hashiyama et al. show that sex 

determination in the germ line occurs ear-

lier than was thought. Previous studies 

showed that germ cells exhibit sex-specifi c 

behaviors and gene expression at the time 

they fi rst associate with the somatic gonad 

( 2). However, female-specifi c expression of 

Sxl begins much earlier ( 1)—as soon as the 

germ cells are believed to generally activate 

zygotic transcription ( 4). Thus, germ cells 

have a sexual identity even before they are 

infl uenced by sex-specifi c signals from the 

somatic gonad.

This exciting work raises as many ques-

tions as it answers. How is Sxl activated in 

female germ cells? Although Sxl expres-

sion in both the soma and the germ line is 

regulated by the number of X chromosomes 

present, it appears that the way the cell’s 

biochemical machinery “counts” X chro-

mosomes in the germ line differs from the 

way it counts them in the soma ( 5,  6). Fur-

ther, what are Sxl’s targets in the germ line? 

Sxl encodes an RNA binding protein; in the 

soma, it acts as a regulator of alternative 

RNA splicing and translation, and controls 

both sexual identity [by regulating trans-

former (tra)] and X chromosome dosage 

compensation (by regulating male specifi c 

lethal 2). However, neither of these key Sxl 

targets in the soma are important in the germ 

line ( 7,  8), indicating that Sxl must regulate 

other, unknown factors there. Hashiyama 

et al. also found that activation of Sxl in 

male germ cells did not interfere with nor-

mal spermatogenesis; when Sxl-expressing 

male germ cells were left in a male envi-

ronment (testis), they produced sperm, as 

observed previously ( 9). Thus, Sxl cannot 

feminize a germ cell in all respects, because 

a female germ cell is unable to make sperm 

in a male environment.

Compatibility between the germ line and 

the soma is also an issue for mammalian 

germ cells. In humans who are XXY (Kline-

felter’s syndrome), the soma is male because 

of the masculinizing infl uence of the Y chro-

mosome. However, the presence of two X 

chromosomes is incompatible with male 

germline development and these individuals 

are sterile; their testes have severely reduced 

germline characteristics, including loss of 

premeiotic spermatogonia and spermatogo-

nial stem cells ( 10). This defect is due to the 

number of X chromosomes in germ cells; any 

foci of spermatogenesis observed in these 

patients are from germ cells that have lost one 

X chromosome ( 11,  12). Germ cell defects 

are also seen in females with Turner’s syn-

drome, which is characterized by the pres-

ence of only a single X chromosome (XO) 

( 13). Although recent studies have identifi ed 

signals by which the somatic gonad infl u-

ences germline sex determination in mam-

mals, how the sex chromosome constitution 

affects this process remains unknown.

The appearance and function of sperm 

and egg are similar throughout the animal 

kingdom, which suggests that the process 

of germline sexual development may be 

highly conserved. Thus, a better understand-

ing of how germline sexual identity is reg-

ulated by the soma, and by the germ line’s 

own sex chromosome constitution, will have 

far-reaching implications for our knowledge 

of animal development and human fertility. 

Hashiyama et al. have now brought us one 

step closer to this goal. 
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          I
n clinical health monitoring, the diagnos-

tic machines that perform physiological 

measurement and stimulation through 

skin are connected to patients with wires 

and cables. Such complicated wiring can be 

inconvenient and distressing for both patients 

and physicians. For example, a patient who 

may have heart disease is usually required to 

wear a bulky monitor for a prolonged period 

(typically a month) in order to capture the 

abnormal yet rare cardiac events. The cur-

rent best electrodes are gel-coated adhesive 

pads. Many people, particularly those who 

have sensitive skins, will develop a rash, and 

the electrode locations have to be constantly 

moved around, interrupting monitoring. Clin-

ical physicians strongly desire more compact 

and even wireless health monitoring devices. 

An electronic skin recently developed by 

Kim et al. ( 1), reported on page 838 in this 

issue, will help solve these problems and 

allow monitoring to be simpler, more reliable, 

and uninterrupted. These devices were made 

through “transfer printing” fabrication pro-

cesses that create fl exible versions of high-

performance semiconductors that are brittle 

as bulk materials.

The electronic skin concept was initially 

developed for applications in robotics ( 2– 4). 

Robots could be provided with pressure sens-

ing (“touch”) that would allow them to grip 

objects securely without damaging them (the 

An Electronic Second Skin
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“picking up an egg” problem). These elec-

tronic skins, which mainly consist of pres-

sure-sensing materials and associated elec-

tronic devices for pressure reading, might 

also provide touch sense to prosthetic devices 

such as artifi cial legs or arms.

One challenge for making these devices 

is that the transistors (and the semiconduc-

tors in them) that amplify weak signals must 

be fl exible in order to act like skin. The abil-

ity of transistors to amplify signals—their 

gain—depends on the mobility of the charge 

carriers in their semiconductor under the gate 

layer (or in their gated semiconductor layer). 

Doped single-crystalline silicon wafers are 

used in most computer chips because of their 

high carrier mobility, which allows opera-

tion with low applied voltage and low power. 

However, the wafers are brittle, so alterna-

tive materials have been pursued. Some of 

the candidate fl exible semiconductors, such 

as conducting polymers ( 2,  3), have much 

lower carrier mobilities. The higher voltages 

needed to use these materials as transistors 

may not be suitable for electronic skin that 

makes direct contact with a patient’s skin, and 

may quickly exhaust small power supplies.

Another approach is to convert brittle 

semiconductors into more flexible forms. 

For example, silicon and germanium are 

highly fl exible as nanowires ( 4,  5). However, 

their carrier mobility, although much higher 

than that of conducting polymers ( 2,  3), is 

still much lower than that of doped silicon. 

With these types of materials, it is diffi cult 

or impossible to achieve the performance 

needed to amplify very weak signals acquired 

from natural skin.

The electronic skin demonstrated by Kim 

et al. uses thin single-crystal silicon that has 

superior fl exibility and a mobility equivalent 

to that of the silicon used in personal porta-

ble devices. The approach, a printing method 

developed previously by Rogers’s group ( 6), 

could be called “inking and printing.” A thin 

silicon layer is bonded to a silicon dioxide 

release layer. The silicon layer is cut into a 

lattice of micrometer-scale “chiplets,” and a 

transfer stamp layer is then attached to the top 

of the divided silicon. The transfer layer and 

chiplets are then lifted and transferred to a 

fl exible substrate.

Attaching electronic skin to natural skin 

is more diffi cult than attaching it to robots 

or prosthetics. Natural skin is soft and del-

icate and already has touch-sensing func-

tions. The electronic skin that can be used 

for physiological monitoring must have a 

supporting layer with mechanical properties 

that match those of natural skin to avoid any 

discomfort resulting from long wearing. The 

electronic skin must not be too thick, too 

rigid, too hard, or too heavy, but must have 

conformal contact, intimate integration, and 

adequate adhesion with the natural skin.

Special materials that are properly 

designed through accurate modeling were 

needed to achieve these properties. The sup-

port layer of the electronic skin is an elasto-

meric (rubbery) polyester engineered to have 

mechanical properties well matched to those 

of natural skin. The circuitry part of the elec-

tronic skin consists of two protection layers 

that sandwich a multifunctional middle layer 

(see the fi gure). With their equal thicknesses, 

the protection layers develop opposite strains 

that cancel, so the middle circuit layer expe-

riences little stress no matter which direction 

the device is bent. The middle layer consists 

of the metal, semiconductor, and insulator 

components needed for sensors, electronics, 

power supplies, and light-emitting compo-

nents, all of which are in the serpentine shape 

that forms a stretchable net. The serpentine 

shapes allow the net to deform drastically 

with little effect on its functionality. This 

innovative design contains all of the neces-

sary components in an ultrathin layer about 

the thickness of a human hair.

The electronic skin designed by Kim et 

al. can be simply mounted onto or peeled off 

natural skin in the same way as bandage tape. 

Physiological information has been collected 

from heart, brain, and skeletal muscles with 

a quality equivalent to that collected with 

bulky electrodes and hardware. Other forms 

of physiological information collection based 

on the electronic skin are readily feasible 

because they could use components that have 

more sophisticated functions.

The transfer-printing fabrication 

approach ( 6) has proved to be viable and 

low-cost in this demonstration, which will 

greatly facilitate the practical clinical use 

of the electronic skin. Because of the higher 

quality of the transferable thin silicon, wire-

less communication directly from the elec-

tronic skin should be feasible, given recent 

demonstrations of this capability in other 

devices ( 7). Other types of electronic skins 

with applications beyond physiology, such 

as body heat harvesting and wearable radios, 

may also point to interesting directions for 

future work. 
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        R
eaching for extremes in temperature 

has repeatedly proven to be a major 

route to transformational advances 

in fundamental and applied science. For 

example, the increasingly high temperatures 

attained in the realm of high-energy particle 

physics allow us to access the most funda-

mental constituents of the universe. At the 

other extreme, ultralow temperatures have 

led to discoveries such as superfl uidity and 

superconductivity. Laser cooling has been a 

key technology in attaining the lowest tem-

peratures ever achieved, with the record now 

in the tens of picokelvins range ( 1). These 

low temperatures allow exploration of sub-

tle quantum mechanical effects such as the 

crossover between superconductivity and 

superfl uidity and magnetic order-

ing. They also permit the realiza-

tion of quantum simulators for 

the study of complex, strongly 

correlated many-body systems.

In parallel to these funda-

mental advances, ultracold tem-

peratures are also critical in the 

development of mechanical sen-

sors that operate in a regime 

where thermal noise is largely 

absent ( 2). A major step toward 

that goal was recently achieved 

by two groups at the University 

of California (UC)–Santa Bar-

bara ( 3) and at the U.S. National 

Institute of Standards and Tech-

nology (NIST) ( 4). Both groups 

were successful in cooling mac-

roscopic, mechanical oscillators 

to within a fraction of a pho-

non (a quantum of vibration) of 

their ground state of vibrational 

motion. The NIST system is 

particularly impressive in that 

researchers cooled the oscilla-

tor to such a low temperature 

that the average number of pho-

nons in the system was only 0.34. 

This was achieved with sideband 

cooling by a microwave fi eld (see 

the fi gure). This corresponds to a 

center-of-mass temperature of 

about 370 μK. By contrast, the UC Santa 

Barbara system has a much higher oscilla-

tion frequency of about 6 GHz, so that for 

all practical purposes it reaches its motional 

ground state when confi ned in a 3He cryo-

stat at a few tens of millikelvin. Bringing 

such mechanical systems to their quantum 

mechanical ground state of motion is a 

major breakthrough that opens the way to a 

new generation of force and fi eld detectors 

of unsurpassed sensitivity.

Much of the work that culminated in 

these recent results has its origin in the 

desire to detect the extremely weak signals 

expected in gravitational wave antennas 

[see, for example, ( 5)]. These signals are 

so feeble that their detection requires the 

elimination of all classical sources of noise, 

as well as a way of dealing with the back-

action of quantum measurements on the 

dynamics of the antenna ( 6).

The essence of measurement back-action 

can be understood most simply in the case 

of a free mass m by recalling the Heisenberg 

uncertainty relation, ΔxΔp > h/4π, where x 

and p = mv are the position and momen-

tum of the mass, with v its velocity, and h is 

Planck’s constant. This relationship between 

the uncertainties in x and p also holds for 

any pair of so-called conjugate variables 

A and B in quantum mechanics. Conse-

quently, the more precisely one parameter is 

determined, the more the uncertainty in the 

other. With subsequent measurements, the 

uncertainty on its conjugate 

variable feeds back into the 

parameter to be measured, 

an effect known as measure-

ment back-action. That back-
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The beat of a quantum drum. 
An illustration of the microwave 
optomechanical circuit of ( 4). The 
capacitor element is formed by a 
15-μm-diameter membrane lith-
ographically suspended 50 nano-
meters above a lower electrode. 
The middle panel is a cut through 
that capacitor showing the oscillat-
ing membrane oscillations at fre-
quency Ω that modulate its capac-
itance, and hence the resonance 
frequency ωl of the circuit. The bot-
tom fi gure provides a schematic of 
sideband cooling. Because of the 
membrane oscillations, the coher-
ent microwave fi eld driving the cir-
cuit acquires frequency sidebands 
at ωl ± Ω due to the membrane 
oscillations. The high-frequency 
sideband arises from the transfer 
of phonons from the membrane 
to the microwave field, whereas 
the lower sideband is due to the 
reverse process, that is, the ampli-
fication of the membrane oscil-
lations. Sideband cooling results 
when the upper sideband fre-
quency is resonant with the micro-
wave resonator. It then dissipates 
faster than the lower sideband, 
resulting in a net decrease in pho-
non occupation of the vibrating 
membrane and cooling. C
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Altruistic Wasps?

EVOLUTION

Raghavendra Gadagkar

Is the widely invoked theory of kin selection 

necessary to explain the apparent altruism 

in social wasp colonies?

        P
olistes dominulus is one of the most 

common social wasps in Europe and 

is an invasive species in the United 

States. Its wide prevalence has made it one 

of the best-studied social wasps. In most 

social wasps, the female wasps live in a col-

ony and organize themselves into a behav-

ioral dominance hierarchy such that only 

the dominant alpha individual (the queen) 

reproduces while the rest function as appar-

ently altruistic, sterile subordinates (work-

ers), building the nest, foraging for food and 

pulp, and feeding and caring for the brood. 

Why should workers invest their time and 

energy helping to rear the queen’s brood, 

rather than found their own nests and rear 

their own brood—something they are quite 

capable of? On page 874 of this issue, Lead-

beater et al. ( 1) show that the subordinates 

indeed produce their own offspring and this 

raises interesting questions about the links 

between altruism, direct reproduction, and 

the evolution of social behavior.

Using nine microsatellite markers to 

genotype pupae from 228 natural nests of 

P. dominulus from Spain, the authors mea-

sured the reproductive success of 1113 

foundresses, including dominants (queens), 

subordinates (workers) and solitary nest 

foundresses (not in a multifemale nest). 

They found that subordinate foundresses 

produced more offspring per 

capita than an average solitary 

foundress who reproduced (and 

reared her brood) on her own. 

Thirty-two percent of the sub-

ordinates’ offspring came from 

“sneaking” eggs into the joint 

nest (the queen usually prevents 

subordinates from laying) while 

the dominant was still alive, and 

68% came from inheriting the 

dominant’s position in the nest 

after the latter had died. Thus, 

the behavior of the subordinates 

is not altruistic at all. Subordi-

nates that nest with a queen in 

a cooperative manner stand to 

inherit the nest and thereby produce their 

own offspring. What does this mean for the-

ories about the evolution of social behav-

ior that were built upon the assumption that 
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Helping themselves. Subordinate 
female wasps (P. dominulus) share 
a nest with a dominant queen, rear-
ing the queen’s brood. This behavior 
also benefi ts the subordinates, who 
stand to inherit the nest, or use the 
nest themselves for their own eggs, 
and increase the ability to rear their 
own brood.

action limits how precisely the parameter 

can be determined—the so-called standard 

quantum limit.

There are tricks, however, that can be 

performed so that the standard quantum 

limit can be circumvented. These back-

action-evading, or quantum nondemolition 

(QND), techniques ( 6,  7) typically involve 

the measurement of an observable A with 

strongly suppressed noise, most famously 

perhaps a quadrature (related to the phase 

of an optical signal) of a squeezed state, and 

the unavoidable quantum noise being there-

fore in the conjugate variable B, the other 

quadrature of the squeezed state (the conju-

gate variables A and B that characterize an 

electromagnetic fi eld are called its quadra-

tures). The measurement of A is then per-

formed in such a way that the increased 

uncertainty in B does not feed back into A. 

Such QND measurements have been dem-

onstrated in a number of quantum optics 

experiments but, so far, have been largely 

limited to electromagnetic fields. This is 

because a number of exquisite techniques 

have been developed to generate and char-

acterize the types of quantum optical fi elds, 

such as squeezed states, that are required for 

back-action-evading measurements.

The recent breakthrough experiments 

open the way to the extension of these tech-

niques to mechanical sensors. The suc-

cessful cooling of macroscopic mechani-

cal systems to their motional ground state 

is an exciting and essential step toward that 

goal, but it is “beyond ground state” physics 

that promises to be most exciting in bring-

ing the emerging fi eld of quantum acous-

tics to the level of sophistication of quan-

tum optics. The demonstration of phonon 

lasers, squeezed and other nonclassical 

phonon states, entangled states, state trans-

fer between phonon and photon fi elds, and 

much more, are already on the horizon, with 

an explosion of new results expected soon.

This bright future results from a cross-

fertilization between quantum optics, laser 

cooling, nanotechnology, gravitational wave 

detection, and quantum measurement sci-

ence and engineering—demonstrating the 

power of interdisciplinary science at its best.  
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Catching a Moving Target

BIOCHEMISTRY

Taia T. Wang and Peter Palese  

Broadly neutralizing antibodies could help 

create an infl uenza vaccine that would not 

have to be updated.

subordinate wasps do not lay any eggs of 

their own?

In 1964, the British evolutionary biolo-

gist William D. Hamilton proposed a new 

theory that is often referred to as kin selec-

tion or inclusive fi tness theory ( 2). Ham-

ilton argued that to deal with the apparent 

paradox of altruism—whereby a behav-

ior that benefits the recipient but harms 

the individual performing it—the scope 

of Darwinian fitness must be expanded. 

Thus, the existing direct component of fi t-

ness, gained through personal reproduction, 

must be summed with an indirect compo-

nent, gained through aiding close genetic 

relatives. He dubbed the sum of the direct 

and indirect components “inclusive fi tness.” 

Hamilton went on to derive a rule according 

to which altruism will be favored by natu-

ral selection if the benefi t to the recipient, 

devalued by the genetic relatedness between 

the altruist and the recipient, is greater than 

the cost incurred by the altruist. 

Unfortunately Hamilton’s rule has not 

been subjected to adequate rigorous empir-

ical testing—costs and benefi ts are hard to 

measure (unlike relatedness, which is read-

ily measurable). But it can be argued that if 

the benefi t is suffi ciently greater than the 

cost, then any nonzero value of relatedness 

can  drive the evolution of altruism. This has 

led to the corollary that altruism can evolve 

if it is nepotistic—that is, directed to indi-

viduals with high genetic relatedness ( 3). 

Because relatedness among individuals in 

a social group or colony is usually nonzero, 

kin selection always appears to be correct 

and it has therefore become very diffi cult to 

criticize this theory ( 4– 10).

Only because zero relatedness has been 

found in P. dominulus [of the workers in 

their colonies, 35% have been found to have 

zero relatedness to their queens ( 11)], Lead-

beater et al. looked for possible reasons for 

the workers’ apparent altruism, outside the 

framework of kin selection, and found that 

there was no altruism in the fi rst place. An 

average worker (which includes full sis-

ters of the dominant egg layer) gets enough 

direct fi tness to justify her nest sharing with 

a queen and her subordinate role in caring 

for the queen’s brood, making kin selection 

(or indirect fi tness) entirely unnecessary for 

explaining sociality in P. dominulus. The 

authors argue that direct fi tness benefi ts are 

not always the main driver of subordinate 

behavior, because their study also shows 

that for those subordinates that are relatives 

of the dominant wasp, indirect benefi ts usu-

ally outweigh direct benefi ts. But the new 

result is that kin selection is quite unnec-

essary to explain the formation of social 

groups in P. dominulus.

These fi ndings make the point that we 

need to pay attention to the possibility that 

individual selection might be adequate to 

explain many instances of social behavior. 

No claim is being made here that Hamil-

ton’s inclusive theory is wrong or always 

unnecessary; it is likely to be very useful 

when there is altruism. But we need not 

invoke it when there is no altruism in the 

fi rst place. In short, all social behavior need 

not involve altruism and therefore need not 

be kin selected.  
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        S
easonal influenza viruses persist as 

important human pathogens because 

of their ability to constantly change 

the structure of a key protein, the viral hem-

agglutinin, which is needed to invade cells 

and is a major target of immune defenses. 

This shiftiness dictates a hefty vaccine reg-

imen: Ideally, patients are vaccinated each 

year with updated formulations that pro-

tect them against new virus strains. Recent 

research, however, has raised the possibil-

ity of developing a universal flu vaccine 

that would not have to be updated. In mice 

and humans, researchers have identified 

“broadly neutralizing antibodies” (bnAbs) 

( 1– 8) that have the potential to make infl u-

enza less of a moving target. Two papers in 

this issue, by Ekiert et al. ( 9) on page 843 

and Corti et al. ( 10) on page 850, describe 

novel bnAbs that protect animals against 

influenza and show how they bind to the 

viral hemagglutinin protein.

Hemagglutinin has two basic structural 

regions (see the fi gure): a stem domain that 

changes relatively little, and a globular head 

that often undergoes structural changes. 

Current seasonal vaccines prompt the body 

to create strain-specifi c antibodies that bind 

to the globular head, preventing the virus 

from attaching to host cells. In contrast, a 

second type of neutralizing antibody acts 

on the more stable, conserved regions of 

the hemagglutinin stem, preventing a fusion 

step involved in cell entry. These “stem 

reactive” bnAbs are less potent, but can 

act against a broader range of virus strains 

and subtypes than antibodies that target the 

globular head. Indeed, animal studies have 

shown that many stem-reactive bnAbs can 

prevent severe disease caused by distinct 

infl uenza viruses.

There are 16 subtypes of hemagglu-

tinin proteins that can be divided into two 

phylogenetic groups. The 10 subtypes in 

group 1 include the hemagglutinins found 

in currently circulating H1 viruses, highly 

pathogenic H5 avian infl uenza viruses, and 

H2 subtype viruses that have previously 

caused pandemic disease in humans. The 

remaining six group 2 subtypes include 

H3 viruses, which are also currently circu-

lating in humans, and H7 viruses that have 

caused sporadic human disease. Previ-

ously described bnAbs have activity against 

viruses within group 1 or within the group 2 

H3 subtype only ( 1,  2,  5– 7).

Ekiert et al. describe an antibody, 

CR8020, which is the fi rst human mono-

clonal bnAb shown to neutralize an array of 
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viruses within group 2. Crys-

tallization of the CR8020-

hemagglutinin complex 

revealed the binding epitope 

(site) to be in a stem region 

near the cell membrane, and 

to comprise amino acids that 

differ from those involved 

in the previously described 

region that mediates neutral-

ization of group 1 viruses. In 

virus cultures, CR8020 neu-

tralized a range of group 2 

viruses with a median inhib-

itory concentration (IC50) 

of ~2 to 5 μg/ml. In mice, 

CR8020 had impressive 

activity; when administered 

either prophylactically or 

therapeutically, it protected 

mice that had received lethal 

doses of H3 or H7 subtype 

infl uenza virus ( 9). By iden-

tifying a region on the group 

2 hemagglutinin that mediates broad pro-

tection, Ekiert et al. have provided vaccine 

developers with a novel target for a broad-

spectrum vaccine.

Corti et al. describe another human 

bnAb, FI6, which acts against a spectrum of 

viruses in groups 1 and 2. There is substan-

tial overlap in the binding region of FI6 with 

the previously described stem region that 

mediates group 1 virus neutralization ( 1,  6). 

In virus cultures, FI6 showed neutralizing 

activity against wild-type infl uenza viruses 

that express either H1 or H3 subtype hemag-

glutinin proteins with IC50’s of ~10 μg/ml. 

In animal experiments, FI6 protected mice 

against lethal levels of an H1 virus, and fer-

rets against a lethal dose of an H5 virus. 

It also protected mice against weight loss 

after nonlethal exposure to an H3 subtype 

virus. Notably, the germline reversion of 

FI6 has activity against group 1 viruses, but 

somatic mutations were required for activ-

ity with group 2 viruses. This indicates that 

sequential exposures fi rst to group 1, then to 

group 2 hemagglutinins were likely required 

for acquisition of broad binding activity by 

FI6 ( 10).

What role do bnAbs have in protect-

ing humans against infl uenza? These and 

other recent studies have identifi ed natu-

rally occurring bnAbs in humans previously 

exposed to influenza by vaccination or 

infection ( 2,  8,  11,  12). Studies also suggest 

that, although levels of virus-specifi c anti-

body wane after exposure to a virus, base-

line levels of cross-reactive antibodies can 

be maintained over years by periodic expo-

sure to seasonal viruses ( 12,  13). An open 

question is the degree to which bnAbs, at the 

low levels currently achieved through inter-

mittent virus exposure and vaccination, act 

to reduce the burden or severity of infl uenza 

disease. Intriguing data from a recent study 

( 8) suggest that although the presence of 

serum bnAbs may not have prevented infec-

tion by the 2009 H1N1 pandemic virus, it 

may have reduced the severity of disease. It 

is also notable that many bnAbs, in addition 

to some broadly neutralizing HIV antibod-

ies, are generated from the immunoglobu-

lin heavy-chain variable gene VH1-69 ( 1,  2, 

 5,  6). In the human immunoglobulin reper-

toire, heavy chains encoded by this gene are 

not uncommon, but VH1-69 is highly over-

represented in some disease states ( 14– 19). 

This suggests that there is a substantial 

compensatory survival benefi t, at a popula-

tion level, conferred by maintenance of the 

VH1-69 gene in the human germ line, per-

haps related to its use in broad-spectrum 

antiviral immunity.

Another question is what mechanisms 

best promote the production of bnAbs. Vac-

cines made with inactivated viruses, for 

example, do not appear to frequently stimu-

late the secretion of bnAbs. Instead, emerg-

ing data suggest that they are more readily 

elicited by expression of the hemaggluti-

nin protein within host cells, either through 

virus infection, immunization with DNA-

based vaccines, or immunization with live 

attenuated virus strains ( 2,  7,  8,  20– 22).

Our current challenge is to make use 

of the structural data obtained by these 

and other studies to develop new infl uenza 

immunogens that elicit bnAbs. Research-

ers have recently described vaccine con-

structs that elicit antibodies against impor-

tant conserved infl uenza virus epitopes ( 20, 

 23– 25). Next-generation vaccine design is 

in its infancy, however, and the potential is 

vast. The structural insights gained through 

identifi cation of the novel bnAbs by Ekiert 

et al. and Corti et al. are substantial and will 

undoubtedly contribute to the design of new 

immunogens that could eliminate the need 

for seasonal infl uenza vaccination. 
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A Simple Type of Wood in Two Early
Devonian Plants
Philippe Gerrienne,1*† Patricia G. Gensel,2† Christine Strullu-Derrien,3† Hubert Lardeux,4

Philippe Steemans,1 Cyrille Prestianni5

W
ood (secondary xylem) derives from

a lateral meristem called vascular cam-

bium. It is considered essential for pro-

duction and maintenance of trees but is equally

important in hydraulic functioning of smaller

growth forms. Wood includes longitudinally

elongated cells (water-conducting elements and

fibers) and transversally oriented cells (rays); it

is characterized by radial rows of cells resulting

from the periclinal divisions of cambium initials.

A vascular cambium evolved independently in

several Devonian and Carboniferous plant lin-

eages [supporting online material (SOM) text].

Unlike the cambium initials of all other lineages,

the cambium initials of the lignophytes (pro-

gymnosperms and seed plants) frequently divide

anticlinally (1), which results in circumferential

growth. The Middle Devonian (397 to 385 million

years ago) aneurophytalean progymnosperms

are currently considered the earliest plant lineage

with wood (2). An earlier origin of wood is gen-

erally considered unlikely because Early Devonian

plants were all herbaceous (SOM text).

We report here two taxa of plants from two

Early Devonian localities: a late Pragian/earliest

Emsian (~407 million years ago) locality from

France and a latest Emsian (~397 million years

ago) locality from Canada (SOM text). Specimens

are pyritized stem portions up to 5 mm wide and

12 cm long. Their anatomy is consistent with

basal euphyllophyte affinities; both plants are

close to the genus Psilophyton (SOM text). The

plants exhibit a circular or elongate primary xy-

lem strand (Fig. 1, A and B). In some axes, thick-

walled cells comprise an outer cortical region

(Fig. 1B). In many specimens, the primary xylem

is surrounded by wood. The tracheids are placed

in radial rows (Fig. 1, A to D, and fig. S1); they

are generally rectangular in transverse section.

At several places in all specimens (Fig. 1, C and

D, and fig. S1), two xylem cell rows emanate

from a single row. Tracheids with smaller radial

diameter are common at the periphery (fig. S1).

In some sections, possible remains of the vas-

cular cambium or of its developing derivatives

are observed (Fig. 1E).

In all sections, spaces surrounded by only one

cellular wall are found dispersed among the ra-

dially aligned tracheids (Fig. 1). The single cell

wall surrounding those spaces belongs to adja-

cent tracheids (fig. S2). The single-walled spaces

are interpreted as rays in which the individual

cells were not preserved. Their variable shape,

size, and extension (fig. S3) compare well to

patterns of ontogeny exhibited by early differ-

entiated ray cells in extant gymnosperms (3).

The identification of a derived anatomical

feature such as wood in two Early Devonian

plants was unexpected. The secondary xylem

of the plant from France predates, by at least 10

million years, other early occurrences of wood.

The small size of both plants and the presence

of thick-walled cells in their cortex support the

earlier suggestion (4) that the evolution of wood

was initially driven by hydraulic constraints rath-

er than by the necessity of mechanical support

for increasing height. This is consistent with the

large diameter of the wood tracheids, which im-

proves conducting capacities, and with the need

for increased conductance, resulting from the de-

crease of atmospheric carbon dioxide concentra-

tions during Early Devonian times (5).

The doubling of several secondary xylem cell

rows indicates that radial longitudinal (anticlinal)

divisions of cambial initials were frequent. This is

typical of lignophytes. Even though the character

might be homoplasious, its presence in the two

studied plants suggests that the latter are lignophyte

precursors or early representatives of that lineage.
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Fig. 1. (A) Transverse section of Châteaupanne plant (CP), sample CP9-1-2-B2. (B) Transverse section.
Thick-walled cortical cells at arrows. New Brunswick plant (NBP), NBP-NCUPCS54. (C) Enlargement of (A).
Rays are at black arrows; doubling of xylem cell rows at white arrow. CP9-1-2-B2. (D) Detail of wood;
transverse section. Ray at black arrow; doubling of xylem cell rows at white arrow. NBP-NCUPCS54. (E)
Possible remains of vascular cambium at arrow; tangential section. CP31-1-CL18. (F) Ray; tangential
section. CP16-1-CL5. (G) Ray; radial section. CP31-1-CL25. Scale bars, 100 mm, except for (F), 10 mm.
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Epidermal Electronics
Dae-Hyeong Kim,1* Nanshu Lu,1* Rui Ma,2* Yun-Soung Kim,1 Rak-Hwan Kim,1

Shuodao Wang,3 Jian Wu,3 Sang Min Won,1 Hu Tao,4 Ahmad Islam,1 Ki Jun Yu,1

Tae-il Kim,1 Raeed Chowdhury,2 Ming Ying,1 Lizhi Xu,1 Ming Li,3,6 Hyun-Joong Chung,1

Hohyun Keum,1 Martin McCormick,2 Ping Liu,5 Yong-Wei Zhang,5 Fiorenzo G. Omenetto,4

Yonggang Huang,3 Todd Coleman,2 John A. Rogers1†

We report classes of electronic systems that achieve thicknesses, effective elastic moduli,

bending stiffnesses, and areal mass densities matched to the epidermis. Unlike traditional

wafer-based technologies, laminating such devices onto the skin leads to conformal contact and

adequate adhesion based on van der Waals interactions alone, in a manner that is mechanically

invisible to the user. We describe systems incorporating electrophysiological, temperature, and

strain sensors, as well as transistors, light-emitting diodes, photodetectors, radio frequency

inductors, capacitors, oscillators, and rectifying diodes. Solar cells and wireless coils provide

options for power supply. We used this type of technology to measure electrical activity produced

by the heart, brain, and skeletal muscles and show that the resulting data contain sufficient

information for an unusual type of computer game controller.

P
hysiological measurement and stimula-

tion techniques that exploit interfaces to

the skin have been of interest for more

than 80 years, beginning in 1929 with electro-

encephalography from the scalp (1–3). Nearly

all associated device technologies continue, how-

ever, to rely on conceptually old designs. Typical-

ly, small numbers of bulk electrodes are mounted

on the skin via adhesive tapes, mechanical clamps

or straps, or penetrating needles, often medi-

ated by conductive gels, with terminal connec-

tions to separate boxes that house collections of

rigid circuit boards, power supplies, and com-

munication components (4–9). These systems

have many important capabilities, but they are

poorly suited for practical application outside of

research labs or clinical settings because of dif-

ficulties in establishing long-lived, robust elec-

trical contacts that do not irritate the skin and in

achieving integrated systems with overall sizes,

weights, and shapes that do not cause discom-

fort during prolonged use (8, 9). We introduce a

different approach, in which the electrodes, elec-

tronics, sensors, power supply, and communi-

cation components are configured together into

ultrathin, low-modulus, lightweight, stretchable

“skin-like” membranes that conformally lam-

inate onto the surface of the skin by soft contact,

in a manner that is mechanically invisible to the

user, much like a temporary transfer tattoo.

Materials, mechanics, and design strategies.

A demonstrative platform is shown in Fig. 1,

integrating a collection of multifunctional sen-

sors (such as temperature, strain, and electro-

physiological), microscale light-emitting diodes

(LEDs), active/passive circuit elements (such as

transistors, diodes, and resistors), wireless power

coils, and devices for radio frequency (RF) com-

munications (such as high-frequency inductors,

capacitors, oscillators, and antennae), all integrated

on the surface of a thin (~30 mm), gas-permeable

elastomeric sheet based on a modified polyester

(BASF, Ludwigshafen, Germany) with low Young’s

modulus (~60 kPa) (fig. S1A). The devices and

interconnects exploit ultrathin layouts (<7 mm),

neutral mechanical plane configurations, and op-

timized geometrical designs. The active elements

use established electronic materials, such as sil-

icon and gallium arsenide, in the form of fila-

mentary serpentine nanoribbons and micro- and

nanomembranes. The result is a high-performance

system that offers reversible, elastic responses to

large strain deformations with effective moduli

(<150 kPa), bending stiffnesses (<1 nN m), and

areal mass densities (<3.8 mg/cm2) that are or-

ders of magnitude smaller than those possible

with conventional electronics or even with re-

cently explored flexible/stretchable device tech-

nologies (10–19). Water-soluble polymer sheets

[polyvinyl alcohol (PVA) (Aicello, Toyohashi,

Japan); Young’s modulus, ~1.9 GPa; thickness,

~50 mm (fig. S1B)] serve as temporary supports

for manual mounting of these systems on the

skin in an overall construct that is directly anal-

ogous to that of a temporary transfer tattoo. The

image in Fig. 1B, top, is of a device similar to the

one in Fig. 1A, after mounting it onto the skin

by washing away the PVA and then partially

peeling the device back with a pair of tweezers.

When completely removed, the system collapses

on itself because of its extreme deformability

and skin-like physical properties, as shown in

Fig. 1B, bottom (movie S1). The schematic illus-

tration in the inset shows an approximate cross-

sectional layout.

These mechanical characteristics lead to ro-

bust adhesion to the skin via van der Waals

forces alone, without any mechanical fixturing

hardware or adhesive tapes. The devices im-

pose negligible mechanical or mass loading (typ-

ical total mass of ~0.09 g), as is evident from

the images of Fig. 1C, which show the skin de-

forming freely and reversibly, without any ap-

parent constraints in motion due to the devices.

Electronics in this form can even be integrated

directly with commercial temporary transfer tat-

toos as a substrate alternative to polyester or

PVA. The result, shown in Fig. 1D, is of possible

interest as a way to conceal the active compo-

nents and to exploit low-cost materials (the sub-

strate, adhesives, and backing layers) already

developed for temporary transfer tattoos (movie

S1). Potential uses include physiological sta-

tus monitoring, wound measurement/treatment,

biological/chemical sensing, human-machine in-

terfaces, covert communications, and others.

Understanding the mechanics of this kind of

device, the mechanophysiology of the skin, and

the behavior of the coupled abiotic-biotic system

are all important. For present purposes, the skin

can be approximated as a bilayer, consisting of

the epidermis (modulus, 140 to 600 kPa; thick-

ness, 0.05 to 1.5 mm) and the dermis (modulus,

2 to 80 kPa; thickness, 0.3 to 3 mm) (20–23).

This bilayer exhibits linear elastic response to

tensile strains ≲15%, which transitions to non-

linear behavior at higher strains, with adverse,

irreversible effects beyond 30% (24). The sur-

face of the skin has wrinkles, creases, and pits

with amplitudes and feature sizes of 15 to 100 mm

(25) and 40 to 1000 mm (26), respectively. The

devices described here (Fig. 1) have moduli, thick-

nesses, and other physical properties that are well

matched to the epidermis, with the ability to

conform to the relief on its surface. We therefore

refer to this class of technology as an “epidermal

electronic system” (EES).

Macroscopically, an EES on skin can be

treated as a thin film on an epidermis–dermis

bilayer substrate. Microscopically, the sizes of the

individual electronic components and intercon-

nects are comparable with those of relief features

on the skin and therefore must be considered

explicitly. We began by considering aspects of

adhesion, in the macroscopic limit. Globally, de-

tachment can occur in either tension or compres-

sion because of interfacial cracks that initiate at

the edges or the central regions of the EES, re-

spectively. Low effective moduli and small thick-

nesses minimize the deformation-induced stored

elastic energy that drives both of these failure

modes. Analytical calculation (27) shows that
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compared with silicon chips (thickness of ~1 mm)

and sheets of polyimide (thickness of ~75 mm), the

driving forces for delamination of the EES/skin

interface are reduced by more than seven and

four orders of magnitude, respectively. Measure-

ments and theoretical calculations (27) shown in

Fig. 2A explore the relevant scaling behaviors in

structures that provide simplified, macroscopic

models of EES/skin. The experiments use sheets

of polyester (~2 mm thick) for the skin and films

of poly(dimethylsiloxane) (PDMS) (Dow Corning,

Midland, USA) for the EES. The critical delam-

ination strain is plotted in Fig. 2A as a function

of PDMS thickness for two different formula-

tions: one with a modulus of 19 kPa (50:1) and

the other 145 kPa (30:1) (fig. S1C). The results,

both theory and experiment, confirm that reduc-

ing the modulus and thickness lowers the driv-

ing forces for interface delamination for a given

applied strain (bending or stretching) without

lower bound.

The mechanical properties of the EES de-

pend on the effective modulus and thickness of

both the circuits and sensors and the substrate.

In samples such as those in Fig. 1, the properties

of the active components and interconnects can

dominate the mechanics of the overall system.

The in-plane layouts and materials of this layer

are therefore key design parameters. Recent work

in stretchable electronics establishes that the

overall range of deformability can be optimized

in systems composed of active devices joined

together in open-mesh structures by non-coplanar

interconnects in neutral mechanical plane con-

figurations, in which elastomers with relative-

ly large moduli (2 to 10 MPa) and thicknesses

(millimeters to centimeters) serve as substrates

(13, 14). For EES, the effective modulus (EEES)

and bending stiffness (EIEES), rather than the

range of stretchability, are paramount. These re-

quirements demand alternative designs and choices

of materials. If we assume that the effective

moduli of the individual devices (for example,

Young’s modulus ~160 GPa for Si and ~90 GPa

for GaAs) are much higher than those of the

Fig. 1. (A) Image of a demonstration platform for multifunctional elec-
tronics with physical properties matched to the epidermis. Mounting this
device on a sacrificial, water-soluble film of PVA, placing the entire structure
against the skin, with electronics facing down, and then dissolving the PVA
leaves the device conformally attached to the skin through van der Waals
forces alone, in a format that imposes negligible mass or mechanical loading
effects on the skin. (B) EES partially (top) and fully (bottom) peeled away
from the skin. (Inset) A representative cross-sectional illustration of the struc-

ture, with the neutral mechanical plane (NMP) defined by a red dashed line.
(C) Multifunctional EES on skin: undeformed (left), compressed (middle), and
stretched (right). (D) A commercial temporary transfer tattoo provides an
alternative to polyester/PVA for the substrate; in this case, the system in-
cludes an adhesive to improve bonding to the skin. Images are of the back-
side of a tattoo (far left), electronics integrated onto this surface (middle left),
and attached to skin with electronics facing down in undeformed (middle
right) and compressed (far right) states.
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interconnects and that the interconnected device

components (rather than the substrate) dominate

the mechanics, then we can write the approxi-

mate expression EEES = Eint(1 + Ld/Ls), where

Eint is the effective modulus of the intercon-

nects, Ld is the characteristic device size, and Ls

is the distance between devices, as illustrated in

fig. S1D. The value of EEES can be minimized

by reducing Eint and Ld/Ls. For the former, thin

narrow interconnect lines formed into large-

amplitude “filamentary serpentine” (FS) shapes

represent effective designs. For the latter, ultrathin

active devices that adopt similar FS layouts and

continuously integrate with FS interconnects

reduce the effective value of Ld to zero. The

value of EIEES decreases rapidly with the thick-

nesses of the devices, interconnects, and sub-

strate. An ultrathin FS construct is shown in Fig.

2B, left, with a cross-sectional schematic illus-

tration as an inset. Results of tensile testing

(Fig. 2B, right) indicate that such FS-EES sam-

ples (Fig. 2B, left) achieve EEES (~140 kPa) and

EIEES (~0.3 nNm) (27) that are comparable with

the epidermis and more than one and five orders

of magnitude smaller than previously reported

stretchable electronic devices, respectively (28).

Furthermore, highly repeatable loading and un-

loading stress-strain curves up to strains of 30%

demonstrate purely elastic responses, with max-

imum principal strains in the metals that are less

than ~0.2% (fig. S1E). Calculations yield effec-

tive tensile moduli (Fig. 2B, right), with excellent

correspondence to experiment. Such FS layouts

can maintain nearly 20% areal contact of active

elements with the skin, for effective electrical in-

terfaces. In certain applications, layouts that in-

volve some combination of FS geometries and

device islands (Ld not equal to zero) connected

by FS interconnects (Fig. 1 and fig. S1F) can be

used, with expected consequences on the local

mechanics (fig. S1G). In both options, suitable

designs lead to mechanical and adhesive prop-

erties that allow conformal adhesion to the skin

and minimal loading effects (Fig. 2C). Without

optimized layouts, we observed delamination un-

der similar conditions of deformation (fig. S1H),

which is consistent with the fracture modes il-

lustrated in Fig. 2A.

For many uses of EES, physical coupling of

devices to the surface of the skin is important.

Confocal micrographs of EES mounted on pig

skin appear in Fig. 2, D and E, as well as fig. S2C

[dye information and bare pig skin confocal mi-

crographs are shown in fig. S2, A and B, respec-

tively; sample preparation and imaging procedures

can be found in (27)]. With FS structures, the

results show remarkably conformal contact, not

only at the polyester regions of the EES but also

at the FS elements (Fig. 2, D and E). Similar

behavior was obtained, but in a less ideal

Fig. 2. (A) Plots of critical tensile (left) and compressive (right) strains
for delamination of a test structure consisting of films of PDMS on
substrates of polyester, designed to model the EES/skin system. Data for
formulations of PDMS with two different moduli are shown (red, 19 kPa;

blue, 145 kPa). The critical strains increase as the PDMS thickness and modulus decrease, which is consistent with modeling results (lines). (B) Optical
micrograph of an EES with FS design (left). The plot (right) shows the stress-strain data from uniaxial tensile measurements for two orthogonal directions.
Data collected from a sample of pig skin are also presented. The dotted lines correspond to calculations performed with finite element modeling. (C) Skin of
the forehead before (top left) and after the mounting of a representative FS-EES, at various magnifications and states of deformation. The dashed blue boxes
at right highlight the outer boundary of the device. The red arrows indicate the direction of compressive strains generated by a contraction of facial muscles.
The red dashed box at the top right corresponds to the field of view of the image in the bottom left. (D) Confocal microscope image (top view) at the vicinity
of the contacting interface between an FS-EES laminated on a sample of pig skin. The FS structure and the skin are dyed with red and blue fluorophores,
respectively. (E) Cross-sectional confocal images at locations corresponding to the numbered, white dashed lines shown in the top-view frame above.
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fashion (fig. S2C), with layouts that incorporate

device islands. These observations are consistent

with analytical mechanics treatments that use

macroscopic models of the EES and account for

microscopic structures on the skin (27). Related

calculations suggest that spontaneous pressures

created by surface interactions are ~10 kPa (fig.

S10B), which is below the sensitivity of human

skin (~20 kPa) (29) but still sufficient to offer

reasonable adhesion. Microscopic models indi-

cate that these interactions generate compressive

forces (per unit length) of ~–0.1 N/m for each

FS strip (27). Improved bonding can be achieved

by using adhesives that are built into platforms

for temporary transfer tattoos, as in Fig. 1D.

Multifunctional operation. A key capability of

EES is in monitoring electrophysiological (EP)

processes related to activity of the brain [electroen-

cephalograms (EEGs)], the heart [electrocardio-

grams (ECGs)] and muscle tissue [electromyograms

(EMGs)]. Amplified sensor electrodes that in-

corporate silicon metal oxide semiconductor field

effect transistors (MOSFETs) in circuits in which

all components adopt FS designs provide de-

vices for this purpose. Here, the gate of a FS-

MOSFET connects to an extended FS electrode

for efficient coupling to the body potential (Fig.

3A; the inset shows an analogous design based

on a rectangular device island and FS intercon-

nects) via contact with the skin in a common-

source amplifier configuration (Fig. 3B, left). The

measured frequency response at different input

capacitances (CIN) is indicated in Fig. 3B, right,

and is in quantitative agreement with circuit sim-

ulations (fig. S3, A and B). The value of CIN is

determined by a series combination of capaci-

tances of the gate electrode, the encapsulating

PI, and junction between the gate electrode and

the body surface. The bandwidth matches re-

quirements for high-performance EP recording.

A typical layout for this purpose includes four am-

plified channels, each comprising a FS-MOSFET,

a silicon-based FS resistor, and an FS electrode.

One channel provides a reference, whereas the

others serve as sites for measurement. Results of

demonstration experiments appear subsequently.

Many other classes of semiconductor devices

and sensors are also possible in EES, including

resistance-based temperature sensors built with

meander electrodes of Pt (Fig. 3C, left, and fig.

S3C), in-plane strain gauges based on carbon-

black-doped silicones (Fig. 3C, right, and fig.

S3D), LEDs and photodetectors based on

AlInGaP (for possible use in optical characteri-

zation of the skin/biofluids) (Fig. 3D, left, and

fig. S3, E to G), and silicon FS photovoltaic cells

(Fig. 3D, right). Such cells can generate a few tens

of microwatts (fig. S3H); increasing the areas or

areal coverages can improve the output, but not

without compromises in size and mechanics. Wire-

less powering via inductive effects represents an

appealing alternative. An example of an FS induc-

tive coil connected to a microscale InGaN LED

is shown in Fig. 3E, with electromagnetic model-

ing of its RF response. The resonance frequency

(~35 MHz) matches that of a separately located

transmission coil powered by an external supply.

Voltage and current outputs in the receiver are suf-

ficient to operate the microscale LEDs remotely,

as shown in Fig. 3E. Such coils provide power

directly in this example; they can also conceivably

be configured to charge future classes of EES-

integrated storage capacitors or batteries.

Examples of various RF components of the

type needed for wireless communications or for

scavenging RF energy are presented in Fig. 3, F

and G. Shown in Fig. 3F is an optical image of

silicon PIN diode (left) and its small-signal scat-

tering parameters (fig. S3K), indicating insertion

loss (S21 in forward condition) of <6 dB and

isolation (S21 in reverse condition) of >15 dB

Fig. 3. (A) Optical micrographs of an active electrophysiological (EP) sensor
with local amplification, as part of an FS-EES. (Left) The source, drain, and gate
of a silicon MOSFET and a silicon feedback resistor before connection to sensor
electrodes, all in FS layouts. (Inset) Similar device with island design. (Right)
The final device, after metallization for the interconnects and sensor electrodes,
with magnified view (inset). (B) Circuit diagram for the amplified EP sensor
shown above (left). (Right) Measured and simulated frequency response for
different input capacitance (CIN =∞, 1mF, 220pF). (C) Optical micrograph of a
temperature sensor that uses a platinum resistor with FS interconnects (left)

and a strain gauge that uses electrically conductive silicone (CPDMS; right). (D)
Image of an array of microscale AlInGaP LEDs and photodetectors, in an in-
terconnected array integrated on skin, under compressive deformation (left)
and of a FS silicon solar cell (right). (E) Image of a FS wireless coil connected to
a microscale InGaN LED, powered by inductive coupling to a separate trans-
mission coil (not in the field of view). (F) Optical micrograph of a silicon RF
diode. (G) Optical micrograph of an interconnected pair of FS inductors and
capacitors designed for RF operation (left). The graph at right shows resonant
frequencies for LC oscillators built with different FS capacitors.
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for frequencies of up to 2 GHz. Examples of

FS inductors and capacitors and their RF re-

sponses appear in Fig. 3G and fig. S3L. Con-

necting pairs of such devices yields oscillators

with expected resonant frequencies (Fig. 3G,

right). A notable behavior is that the response

varies with the state of deformation because

of the dependence of the RF inductance on geo-

metry. For example, at tensile strains of ~12%

the resonance frequency shifts by ~30% (fig. S3,

I and J). Such effects, which also appear in the

wireless power coils but not in the other devices

of Fig. 3, will influence the behavior of antenna

structures and certain related RF components.

These issues must be considered explicitly in

EES design and modes of operation.

Systems for electrophysiological recording.

EES configured for measuring ECG, EMG, and

EEG in conformal, skin-mounted modes with-

out conductive gels or penetrating needles pro-

vide important, system-level demonstrations (fig.

S4A and movie S2) (27). All materials that

come into direct contact with the skin (Au, PI,

and polyester) are biocompatible (30, 31). Mea-

surements involved continuous use for as many

as 6 hours. Devices worn for up to 24 hours or

more on the arm, neck, forehead, cheek, and chin

showed no degradation or irritation to the skin

(figs. S14 and S15). Devices mounted in chal-

lenging areas such as the elbow fractured and/or

debonded under full-range motion (fig. S16).

ECG recordings from the chest (27) revealed

high-quality signals with information on all

phases of the heartbeat, including rapid depo-

larization of the cardiac wave, and the asso-

ciated QRS complex (Fig. 4A, right) (32). EMG

measured on the leg (27) with muscle contrac-

tions to simulate walking and resting are pre-

sented in Fig. 4B, left. The measurements agree

remarkably well with signals simultaneously

collected using commercial, bulk tin electrodes

that require conductive gels, mounted with tapes

at the same location (Fig. 4B, right, and fig.

S4B, right). An alternative way to view the data

(spectrogram) is shown in Fig. 4C, in which the

spectral content appears in a color contour plot

with frequency and time along the y and x axes,

respectively. Each muscle contraction corresponds

Fig. 4. (A) ECG signals measured with an active EES attached to the chest
(left), and magnified view of data corresponding to a single heartbeat (right).
(B) (Left) EMG measurements using an active EES, mounted on the right leg
during simulated walking (from 0 to 10 s) and standing (from 10 to 20 s).
(Right) Recordings collected with conventional sensors and conductive gel. (C)
Spectrogram of the data in (B) for corresponding electrode type. (D) EMG
spectrograms measured using an active EES mounted on the neck during
vocalization of four different words: “up,” “down,” “left,” and “right.” (E)

Simulated video game control by pattern recognition on EMG data from (D).
The player icon is moved from an initial position (red) to destination (green).
(F) (Left) Discrete Fourier transform (DFT) coefficients of EEG alpha rhythms at
~10 Hz (27), measured with a passive EES. (Center) The spectrogram of the
alpha rhythm. The first and next 10 s correspond to periods when the eyes
were closed and open, respectively. The responses at ~10 and ~14 s
correspond to eye opening and blinking, respectively. (Right) Demonstration
of Stroop effects in EEG measured with a passive EES.
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to a red, vertical stripe that spans from 10 to

300 Hz (32).

To demonstrate EMG recording in a mode

in which conventional devices are particularly ill

suited, an EES mounted on the throat can mon-

itor muscle activity, noninvasively, during speech

(fig. S5A) (27). Here, recordings collected during

vocalization of four words (“up,” “down,” “left,”

and “right”), repeated 10 times each (fig. S6) ex-

hibit distinctive patterns, as in Fig. 4D. Measure-

ments from another set of words (“go,” “stop,”

and “great”) (figs. S5B and S7) suggest sufficient

structure in the signals for recognizing a vocab-

ulary of words. These capabilities create opportu-

nities for EES-based human/machine interfaces.

As an example, dynamic time-warping pattern-

recognition algorithms applied to throat-based

EMG data (Fig. 4D) enable control of a computer

strategy game (Sokoban), as illustrated in Fig.

4E. The classifications occur in less than 3 s on

a dual-core personal computer running codes in

MATLAB (MathWorks, Natick, MA), with an

accuracy of >90% (fig. S8).

As a human/machine interface, EEG data

offer additional promise. EES mounted on a re-

gion of the forehead that is first prepared by

exfoliating the stratum corneum with Scotch tape

yields reproducible, high-quality results, as dem-

onstrated in alpha rhythms recorded from awake

subjects with their eyes closed (fig. S9A) (27).

The expected feature at ~10 Hz appears clearly in

the Fourier-transformed data of Fig. 4F, left. The

spectrogram of Fig. 4F, center, shows similar

signatures. This activity disappears when the eyes

are open. The signal-to-noise ratios are compa-

rable with those obtained in otherwise identical

experiments that used conventional, rigid bulk

electrodes with conductive coupling gels. In fur-

ther demonstrations, EEG measured with EES

reveals well-known cognitive phenomena such

as the Stroop effect (33, 34). In these experiments,

subjects randomly presented with congruent or

incongruent (fig. S9B) colored words whisper

the color (not the word) as quickly as possible.

The data show that the motor responses pertain-

ing to the whispering are manifested by two peaks

at ~650 ms (congruent case) and ~1000 ms (in-

congruent case), as shown in Fig. 4F, right. The

time delay implies that the congruent stimuli

require fewer cognitive resources and are quicker

to process than are the incongruent ones, which

is consistent with the literature (33, 34).

Conclusions. The materials and mechanics

ideas presented here enable intimate, mechani-

cally “invisible,” tight and reliable attachment of

high-performance electronic functionality with

the surface of the skin in ways that bypass limi-

tations of previous approaches. Many of the

EES concepts are fully compatible with small-

scale integrated circuits that can be released from

ultrathin-body silicon-on-wafer substrates. For

long-term use, materials and device strategies

to accommodate the continuous efflux of dead

cells from the surface of the skin and the pro-

cesses of transpiration will be needed.
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A Highly Conserved Neutralizing
Epitope on Group 2 Influenza A Viruses
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Carla Ophorst,2 Freek Cox,2 Hans J.W.M. Korse,2 Boerries Brandenburg,2 Ronald Vogels,2

Just P.J. Brakenhoff,2 Ronald Kompier,2† Martin H. Koldijk,2 Lisette A.H.M. Cornelissen,3

Leo L. M. Poon,4 Malik Peiris,4 Wouter Koudstaal,2‡ Ian A. Wilson,1,5‡ Jaap Goudsmit2

Current flu vaccines provide only limited coverage against seasonal strains of influenza viruses.
The identification of VH1-69 antibodies that broadly neutralize almost all influenza A group 1 viruses
constituted a breakthrough in the influenza field. Here, we report the isolation and characterization
of a human monoclonal antibody CR8020 with broad neutralizing activity against most group
2 viruses, including H3N2 and H7N7, which cause severe human infection. The crystal structure
of Fab CR8020 with the 1968 pandemic H3 hemagglutinin (HA) reveals a highly conserved epitope
in the HA stalk distinct from the epitope recognized by the VH1-69 group 1 antibodies. Thus, a
cocktail of two antibodies may be sufficient to neutralize most influenza A subtypes and, hence,
enable development of a universal flu vaccine and broad-spectrum antibody therapies.

I
nfluenza viruses cause millions of cases of

severe illness each year, thousands of deaths,

and considerable economic losses. Currently,

two main countermeasures are used against flu.

First, small-molecule inhibitors of the neuramin-

idase surface glycoprotein and the viral ion chan-

nel M2 have been widely used and proven to be

quite effective against susceptible strains (1).

However, resistance to these antivirals has re-

duced their effectiveness, and mutations associated

with oseltamivir and amantadine are widespread

(2–4). The second main countermeasure is vac-

cination. Current vaccines that are based on in-

activated viruses elicit a potent immune response
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against viruses that are closely matched to the

vaccine strain (5). However, predicting which

strains will dominate annually is difficult, and

mismatches between the vaccine and circulating

viruses lead to little or no protective effect (6, 7). A

vaccine that stimulates production of a robust,

broadly neutralizing antibody response would be

a considerable advance.

Hemagglutinin (HA) is the major envelope

glycoprotein of influenza Aviruses and the target

of almost all neutralizing antibodies. HA is syn-

thesized as an immature polypeptide chain called

HA0, which is activated upon cleavage by host

proteases to yield two subunits, HA1 and HA2.

The HA1 “head” subunit of HA mediates attach-

ment of the virus to target cells through interac-

tions with sialic acid receptors. After endocytosis

of the virus, the low pH triggers conformational

changes inHA2, leading to fusion of the viral and

endosomal membranes and release of the viral

genome into the cytoplasm. Most neutralizing

antibodies bind to the exposed loops that sur-

round the receptor binding site and interfere with

attachment (8–12). Because these loops are high-

ly variable, antibodies targeting these regions

are strain-specific, explaining why immunity af-

ter natural exposure or vaccination is typically

restricted to the current circulating strains.

Recently, we described the isolation and char-

acterization of CR6261, a broadly neutralizing

antibodywith activity against group 1 influenza

viruses (13–15). Similar antibodies using the same

VH1-69 germline heavy chain have also been re-

ported (16, 17). The discovery of such antibodies

has raised hopes for the development of mono-

clonal antibody (mAb)–based immunotherapy and

a universal vaccine (18–26). Crystal structures of

CR6261 in complex with H1 and H5 HAs re-

vealed a highly conserved epitope in the HA stalk

(13). CR6261 neutralizes most group 1 HAs, in-

cluding H1, H5, H9, and some H2s, but has no

activity against group 2 viruses (14). Group 2 in-

cludes the currently circulating human H3 and

avian H7 viruses, which sporadically cross from

birds into humans and have the potential to de-

velop into a future pandemic. Consequently, an-

tibodies complementary to CR6261 and related

VH1-69 antibodies, but with broad activity against

group 2 viruses, are critical for the formulation

of antibody-based therapies.
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Fig. 1. In vitro binding and neutralization activity of CR8020 and complementarity with CR6261. (A)
Phylogenetic tree showing the relationships between the 16 HA subtypes and a summary of CR8020
and CR6261 activity. Red indicates positive binding by CR8020, whereas blue indicates positive binding
by CR6261. Subtypes that have not been tested are indicated in black. (B) In vitro neutralization of
CR8020 against a panel of influenza A viruses as determined by means of microneutralization assay.
Concentrations of CR8020 required to reduce virus replication by 50% (IC50) are reported in micro-
grams per milliliter. (C) Affinity measurements (Kd) for binding of CR8020 and CR6261 to various H3

HAs and representative members of most of the other HA subtypes. “nb” indicates no detectable binding. Lowest affinity detectable under the experimental
conditions was ~10−5 M.
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CR8020 activity in vitro. Using a recently
described method to generate stable mAb-
producing, B cell receptor–positive, human mem-
ory B cells, we isolated H3 HA reactive clones
from the blood of donors recently vaccinated
against influenza (27). Subsequent screening of
the resulting immunoglobulins (Igs) for reactivity
with other HA subtypes led to identification of
mAbCR8020, which recognizes H3 andH7HAs,
as well as representative HAs from other group
2 subtypes, but not group 1 HAs (Fig. 1, A and
C). In this sense, CR8020 is complementary to
previously described mAbs, such as CR6261,
which neutralizes most group 1 HAs (14) but
not group 2 HAs (Fig. 1, A and C). CR8020
binds most group 2 HAs with high affinity,
including H3 isolates spanning 50 years of virus

evolution [dissociation constant (Kd) ~1 to 35 nM
for H3, H7, and H10 HAs] (Fig. 1C). Consist-
ent with binding to an apparently highly con-
served epitope, CR8020 potently neutralizes a
wide spectrum of H3 influenza strains as well as
H7 and H10 viruses (Fig. 1B) (28). In contrast, a
control mAb against the HA1 head neutralizes
only a narrow spectrum of H3 viruses (table S1).

Efficacy of CR8020 in vivo. Prophylaxis
using 3 mg/kg CR8020 protected mice against
challengewith a high, lethal dose of either mouse-
adapted H3N2 or H7N7 virus (Fig. 2, A and B).
Consistent with the absence of any signs of res-
piratory distress, groups ofH3N2-challengedmice
that received 30, 10, or 3 mg/kg CR8020, and
H7N7-challenged mice receiving 10 or 3 mg/kg
CR8020 all showed increases in body weight at

the study’s end (Fig. 2, A and B) (29). In contrast,
animals that received an irrelevant control anti-
body rapidly lost weight, showed signs of respi-
ratory distress, and succumbed to infection or
were euthanized within 2 weeks after challenge.
A 1 mg/kg dose was only partially protective
against mortality to either virus (Fig. 2, A and B),
and the weight loss was not significantly different
from the controls (P = 0.666 and P = 0.633 for
groups challenged with H3N2 and H7N7 virus, re-
spectively). Therapeutic treatment with 15 mg/kg
of CR8020 up to 2 days after infection with H3N2
completely prevented mortality, whereas 50%
of the mice treated 3 days after infection were
protected (Fig. 2C). TreatmentwithCR8020 could
be started even later after H7N7 challenge because
100% of the mice treated 3 days after infection
and 50% treated 4 days after infection survived,
although one animal treated 2 days after challenge
succumbed to infection (Fig. 2D). Therapeutic
treatment did not prevent morbidity as illustrated
by initial weight loss, but all surviving animals
appeared healthy and were regaining weight at
the study’s end.

CR8020-H3 HA crystal structure. To eluci-
date how mAb CR8020 can neutralize multiple
group 2 influenza virus subtypes, we determined
the crystal structure of CR8020 Fab in complex
with the HA from the 1968 H3N2 pandemic
[A/Hong Kong/1/1968 (H3N2), “HK68”] at 2.85
Å resolution (table S2). The overall structure of
the HK68 HA in the complex (Fig. 3A) is similar
to those of other unliganded H3s (30), although
some subtle pH-induced changes are discussed
below (31).

Fab CR8020 binds HK68 HA at the base of
the stem in close proximity (~15 to 20 Å) to the
viral membrane (Fig. 3, A and B) (32), which is
lower down the stalk than any other flu antibody
characterized to date (Fig. 4A). Despite its prox-
imity to the viral membrane, this epitope is ac-
cessible on virions (fig. S1), which is in accord
with the in vitro and in vivo potency of this mAb.
The epitope consists of two main components:
(i) the outermost strand (HA2 residues 30 to 36)
of the 5-stranded b sheet near the base of the
stalk and (ii) the C-terminal portion (HA2 resi-
dues 15 to 19) of the fusion peptide (Fig. 3B), as
well as a few peripheral contacts with other sur-
rounding residues (33). Compared with CR6261,
CR8020 recognizes its epitope in a more con-
ventional manner, using both heavy and light
chains (Fig. 3, C and D). A total surface area of
1280 Å2 is buried, of which 81% arises from
binding of the heavy chain and 19% from the
light chain. The fusion peptide component ac-
counts for ~50% of the van der Waals contacts
between Fab and HA and is specifically recog-
nized by heavy chain complementarity deter-
mining regions (HCDRs) 1 and 3, where Phe32

(HCDR1) and Trp100c (HCDR3) make many of
the key hydrophobic interactions (Fig. 3C).
HCDR3 also interacts extensively with the outer-
most strand of the b sheet, in a pseudo b-strand–
like interaction with HA2 residues 32 to 36 (fig.

Fig. 2. Prophylactic and therapeutic efficacy of CR8020 in mice. Prophylactic efficacy of CR8020
against lethal challenge with (A) mouse-adapted A/Hong Kong/1/1968 (H3N2) or (B) A/Ck/Netherlands/
621557/2003 (H7N7) viruses. Shown are survival curves (left) and weight loss (right) of mice treated
with 30, 10, 3, or 1 mg/kg of CR8020 or 30 mg/kg control mAb 24 hours before lethal challenge by
intranasal inoculation (at day 0). Therapeutic efficacy of CR8020 against lethal challenge with (C)
mouse-adapted A/Hong Kong/1/1968 (H3N2) or (D) A/Ck/Netherlands/621557/2003 (H7N7) viruses.
Shown are survival curves (left) and weight loss (right) of mice treated with 15mg/kg CR8020 at various
time points after inoculation (at day 0).
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Fig. 3. CR8020 binds an epitope in the HA stem close to
the virus membrane. (A) Crystal structure of HK68/H3 HA in
complex with broadly neutralizing antibody CR8020. One
HA/Fab protomer of the trimeric complex is colored with
HA1 in yellow, HA2 in green, the Fab heavy chain in purple,
and the Fab light chain in cyan. The other two protomers are
colored gray. Glycans are shown as spheres (carbon in light
pink, oxygen in red, and nitrogen in blue). (B) Closer view of
the interaction between HK68 HA and CR8020. The coloring
is essentially as in (A) but with the fusion peptide, which
forms part of the epitope, in magenta, and the three
segments of the small b sheet in purple, orange, and light
blue (derived from the C terminus of HA2, the N terminus of
HA1, and the N terminus of HA2, respectively). On the Fab,
HCDR1 is blue, HCDR2 is green, and HCDR3 is red. For
clarity, light chain CDRs are not highlighted here. (C)
Interaction of CR8020 CDRs with the membrane proximal
region of HA. CDRs are shown as ribbons and sticks (H1 in
purple, H2 in green, H3 in red, L1 in orange, and L2 in
blue). CR8020 binds HA with both chains, using five of the
six CDRs (LCDR3 makes no contacts). Key antibody side
chains are shown. (D) Footprint of HA on CR8020 combin-
ing site, highlighting antibody residues contacting HA and
the usage of both the heavy and light chains in recognition
(purple and cyan, respectively).

Fig. 4. CR8020 binds a unique, highly conserved site in the
HA stem. (A) Comparison of CR8020 binding site to the
epitopes of all other structurally characterized antibodies. All
antibody footprints are mapped onto the surface of HK68
HA, although they are derived from different structures (and
subtypes): Red, CR8020 (PDB code 3SDY); purple, CR6261
(PDB codes 3GBM and 3GBN); green, 2D1 (PDB code 3LZF);
blue, HC19 (PDB code 2VIR); orange, HC45 (PDB code
1QFU); cyan, HC63 (PDB code 1KEN); pink, BH151 (PDB
code 1EO8). mAb F10 (PDB code 3FKU) and CR6261 bind
the same epitope in the stem, but only CR6261 is illustrated
here for clarity. (B) Comparison of the broadly neutralizing
CR8020 and CR6261 epitopes, which constitute discrete
surfaces on group 2 and group 1 HAs, respectively. Coloring
is similar to that in (A), with CR8020 epitope in red, CR6261
epitope in dark blue, and shared epitope residues in yellow.
(C) Conservation of CR8020 epitope across group 2 HAs.
Residues comprising the epitope are shown as sticks (carbon
in light pink, oxygen in red, and nitrogen in blue). Percent
identity with the group 2 consensus sequence is indicated
alongside each residue. The residue label reflects the most
common residue across group 2 HAs, which is not always
identical to the residue at that position in the HK68 crystal
structure. View is similar to that of (B), looking from the Fab
(not shown) toward the epitope. (D) Location of CR8020
epitope residues in the prefusion and (E) postfusion states,
in which they reside on critical regions of the fusion peptide
and helix-capping loops of HA2. For (D) and (E), CR8020
epitope residues are indicated as spheres, with green
mapping to the fusion peptide and N-cap region. Additional
contact residues are purple (HA2) and gray (HA1, not present
in available postfusion structures). Residue positions were
mapped onto the structures from PDB codes 1QU1 and
2KXA.
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S2). Together, the CR8020 interactions with the

fusion peptide and edge of the b-sheet account

for >80% of the van der Waals contacts and six

out of seven hydrogen bonds.

CR8020 binds an epitope on the HA stem.

The crystal structures of CR6261 and F10 re-

vealed a neutralizing epitope on the HA stem

that is conserved and accessible in most group

1 influenza viruses (13, 17). However, anN-linked

glycosylation at HA1:Asn38 in most group 2HAs

may restrict antibody access to this epitope. Con-

sequently, antibodies with broad neutralizing ac-

tivity against group 2 viruses would be expected

to recognize an epitope that is spatially distinct

from that recognized by CR6261. Indeed, of the

15 and 20 residues that constitute the epitopes

targeted by CR8020 and CR6261, respectively,

only two residues (Asp19 and Leu38) are in com-

mon (Fig. 4, A and B). Thus, CR8020 defines a

second, neutralizing epitope in the HA stem that is

present in all group 2 HAs tested thus far.

To investigate the breadth of CR8020’s cross-

neutralizing activity, we examined the epitope

conservation across all 16 influenza A virus sub-

types by examining all full-length, nonredundant

HA sequences in the National Center for Bio-

technology Information Flu database (34, 35).

Around half of the contact residues are either

identical (>95%, HA2 residues 16, 33, 35, and

36) or conserved (>99%, HA2 residues 18, 30,

and 146) across all 16 subtypes (Fig. 4C and

tables S3 and S4) (36), whereas other contact res-

idues are conserved only across group 2 (>95%

identity, HA2 25; >99% conserved, HA1 325

and HA2 15 and 19). Thus, 11 of 15 residues

contacting CR8020 are >99% conserved across

all group 2 HAs, whereas the remaining residues

are more variable (HA2 32, 34, 38, and 150 are

conserved in only ~56 to 81% of isolates) (Fig. 4C

and table S3). However, virus neutralization and

in vitro binding data suggest that most natural

variation is well tolerated by CR8020 (Table 1).

Essentially, all natural variation in the epitope

commonly observed in group 2 viruses is repre-

sented in the extensive panel of wild-type H3,

H4, H7, H10, H14, and H15 isolates and engi-

neered variants of HK68 that were tested for

binding and/or neutralization (Table 1 and Fig. 1,

B and C). CR8020 binds nearly all of these nat-

urally occurring HA variants with high affinity

(Kd ~1 to 10 nM), similar to the HAs from group

2 viruses that are neutralized by CR8020 (~1 to

35 nM). However, one variant (Asp19Asn) cor-

relates with markedly reduced affinity and loss

of neutralizing activity in vitro and is discussed

below. Overall, these results show that the core

of the CR8020 epitope is highly conserved across

all group 2 viruses, whereas natural variation in

the surrounding residues is well tolerated and does

not adversely affect binding and most likely

neutralization.

The structural constraints imposed by the

membrane fusion activity enforce strict conser-

vation of many regions of HA2. To understand

why the CR8020 contact residues are so well

conserved in group 2 viruses, we examined their

potential role in membrane fusion. The fusion

peptide (HA2 1 to 25) is critical for membrane

fusion and is nearly invariant across all influenza

A viruses (fig. S3) (37, 38). The fusion peptide

adopts an unusually tight, helical-hairpin confor-

mation (34), which provides an elegant, structural

explanation for conservation of most residues,

including CR8020 contact residues HA2 16 and

18 (Fig. 4, C to E, and fig. S4A). After exiting the

membrane and traversing a short linker region,

residues close to HA2:31-38 cap the ends of the

long, three-helix bundle of the post-fusion struc-

ture (Fig. 4, D and E, and fig. S4, A and B), con-

straining the identity of the amino acids in the cap,

which are thought to make a substantial energetic

contribution to themembrane fusion process (39).

Therefore, elements of the CR8020 epitope prob-

ably have critical roles in driving the fusion process.

Group 2 restriction and antibody escape.

Antibody escape variants selected by CR8020

in an H3N2 virus exhibited mutations in HA2

Asp19Asn or Gly33Glu close to the CR8020 epi-

tope center. A recombinant H7N7 virus with the

Asp19Asn mutation also escaped neutralization

by CR8020 (table S5 and S6). This mutation dis-

rupts a possible salt bridge to VL Arg
53, presum-

ably leading to destabilization of the antibody-HA

interaction (40). The Gly33Glu mutation inserts

a large side chain into a highly confined space

in the antibody-antigen interface. However, both

variants are relatively rare in influenza Aviruses

(fig. S5), particularly in human isolates. Glycine

is strongly preferred at position 33 (8716/8720

sequences, group 1 and 2 HAs), whereas posi-

tion 19 is an Asp in ~95% of all group 2 viruses

and in 1534 of 1537 human H3 viruses (41).

Whether these mutations negatively affect viral

fitness is not known, but other antibodies may

recognize the CR8020 epitope in subtly differ-

ent ways that would render them less sensitive

to these substitutions. Notwithstanding, our re-

sults suggest that CR8020 will neutralize most

viruses from H3, H7, and H10 subtypes, and

possibly H15 (42).

Two avian group 2 subtypes (H4 and H14)

are bound by CR8020 with only moderate affin-

ity (Table 1), and neutralization of an H4 virus

was undetectable in vitro (43). The H4 and H14

isolates tested differ from HK68 at two contact

positions (Glu15Gln and Gln34Thr), and each sub-

stitution confers a modest reduction (~10-fold) in

CR8020 affinity for HK68 (Table 1) (44). Thus,

reduced affinity of CR8020 for H4 and H14

can largely be accounted for by the combined

effect of these mutations, but subtle structural

Table 1. Most natural variation in CR8020 epitope in group 2 HAs has little effect on binding. Kd,
presence of a glycosylation site at HA1 position 21 (predicted to block binding in group 1 HAs), and protein
sequence of CR8020 contact residues are shown. Data presented here include targeted mutants of HK68
and wild-type isolates selected to probe the impact of natural variation in epitope on CR8020 activity. Wild-
type HK68 is included at the top, as a reference. The bottom row summarizes the most common naturally
occurring variants at each position (present in at least >1% of all group 2 sequences), with tested variants
in bold and underlined. Residues that differ from the HK68 sequence are in black boxes.

*Indicates whether HA tested is wild type (wt) or a mutant. †Presence (+) or absence (–) of an NX(T/S) glycosylation motif
on Asn21. Glycosylation of this site is predicted to block CR8020 binding in group 1 HAs. The glycosylation site is absent from
all group 2 HAs analyzed, including those tested above.
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Fig. 5. CR8020 inhibits the fusogenic conformational changes in HA and
blocks proteolytic activation. (A) Fluorescence-activated cell sorting (FACS)
binding of CR8020 (open bars) and a control mAb against the head (solid bars)
to various conformations of surface-expressed H3 HAs from A/Hong Kong/1/
1968 (1968), A/Hong Kong/24/1985 (1985) or A/Wisconsin/67/2005 (2005).
The control mAb has a narrow spectrum of neutralization and only binds
A/Wisconsin/67/2005. The various conformations are depicted above the bind-
ing data and are as follows: uncleaved precursor (HA0); neutral pH, cleaved (HA);
fusion pH, cleaved (fusion pH); and trimeric HA2 (tHA2). Binding is expressed
as the percentage of binding to untreated HA (HA0). Error bars represent SD of
data obtained in three independent experiments. Ribbon diagrams are adapted
from (57). (B) FACS binding of CR8020 (open bars) and a control mAb against
the head (solid bars) to surface-expressed HA of A/Hong Kong/1/1968 (1968),

A/Hong Kong/24/1985 (1985), or A/Wisconsin/67/2005 (2005) as above,
except that mAb CR8020 was added before exposure of the cleaved HAs to a pH
of 4.9. The antihead mAb was added last to detect whether the HA1 heads
remained associated with HA2. (C) SDS–polyacrylamide gel electrophoresis
results of the protease-susceptibility assay for H3 and H7 HAs. Exposure to low
pH converts HAs to the protease-susceptible, postfusion state (lane 3). Pre-
treatment with CR8020 blocks the pH-induced conformational change, re-
taining HA in the protease-resistant, prefusion state (lane 7). (D) Immunoblot
of uncleaved (HA0), recombinant-soluble H3 HA after digestion with trypsin
at pH 8.0. Digest reactions contained either HA alone or HA pretreated with
CR8020 or a control mAb against the head. Digestion was stopped at several
time points by adding 1% bovine serum albumin. Uncleaved hemagglutinin
(HA0) was detected using a polyclonal serum against H3.
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differences in noncontact residues surrounding

the epitope may also have substantial effects on

antibody binding.

Although the HA surface recognized by

CR8020 is also relatively well conserved in group

1 viruses, no group 1 viruses tested were bound

or neutralized (table S7). Several key differences

in group 1 HAs may account for lack of CR8020

reactivity. First, the Gln or Thr that predominates

at position 34 in group 2 HAs is substituted by a

bulkier Tyr in many group 1 subtypes and would

likely clash with HCDR3. CR8020 binding to a

nonnatural, Gln34Arg HK68 variant is reduced by

more than a factor of 100, further suggesting that

larger residues cannot be accommodated. Second,

group 1 HAs have a highly conserved N-linked

glycosylation site at HA1:Asn21 (5801/5813 group

1 sequences analyzed), which is adjacent to

CR8020 HCDR1 (fig. S6). In most configura-

tions, the glycan would conflict with CR8020 VH

and probably interfere with antibody binding (45).

Lastly, several individual substitutions in CR8020

contact residues that modestly reduce affinity (by

a factor of 5–10) are combined in group 1 isolates

and may reduce binding below our detection

threshold (~10 uM) (Table 1 and table S7).

Mechanism of neutralization. Unlike most

HA antibodies, which block attachment, CR8020

has no detectable activity in hemagglutination-

inhibition (HAI) assays and does not compete

with antibodies against the head, which is con-

sistent with CR8020 binding to the stalk re-

gion.With the exception of HA1 residue 325, the

CR8020 epitope maps entirely to HA2. Upon ex-

posure to low pH, HA2 undergoes extensive con-

formational rearrangements, bringing the viral

and target membranes into close proximity and

triggering fusion (Fig. 4, D and E) (39, 46). Con-

sequently, CR8020 is poised to inhibit these con-

formational changes, blocking membrane fusion

and viral entry. Whereas CR8020 binds readily

to cell surface–expressed H3 HAs in both its un-

cleaved (HA0) and cleaved (HA) forms, it did

not bind after HA exposure to a pH of 4.9 (Fig.

5A), which is in agreement with previous find-

ings that the epitope structure is not maintained in

the fusion-active conformation (46, 47). When

CR8020 was added before the pH shift, it re-

mained bound after the pH was lowered (Fig.

5B), indicating that the epitope remains intact

at low pH and suggesting that CR8020 inhibits

the pH-induced conformational changes in HA.

Moreover, CR8020 prevented dithiothreitol (DTT)–

mediated dissociation of HA1 and HA2 at low

pH (48), which would only be expected if the

HAwas retained in the prefusion state. Similar

results were obtained with H7 and H10 HAs,

indicating that the mechanism of inhibition is

conserved (fig. S7).

Further evidence that this mAb acts by in-

hibiting conversion from the prefusion to post-

fusion conformation is illustrated by lack of

protease susceptibility of the HA at low pH in

the presence of CR8020. Exposure to low pH fol-

lowed by trypsin digestion results in complete

degradation of H3 and H7 HAs (Fig. 5C, lanes

1 to 4). In contrast, when the HA is pretreated

with CR8020, most HA is retained in a protease-

resistant, prefusion form (Fig. 5C, lanes 5 to 8).

Furthermore, the crystals used for the structural

studies were grown below pH 5.4, which is the

fusion pH for HK68 HA (fig. S8) (49). Never-

theless, the HA is retained in its prefusion state,

even after extended exposure to low pH. How-

ever, the HA1 heads have opened up slightly,

and the B loop adopts an alternate backbone

conformation as compared with neutral pH struc-

tures. The head opening is believed to be one of

the first steps in the membrane fusion process,

and the B loop must refold from an extended

random coil to an a helix to deliver the fusion

peptide to the target membrane. Thus, our crystal

structure appears to have captured an early fu-

sion intermediate (50), trapped by the binding of

CR8020. Taken together, our data suggest that

CR8020 blocks fusion by sequestering the fu-

sion peptide and preventing its release at low pH.

Furthermore, CR8020 may interfere with fu-

sion by inhibiting activation of HA0 by host pro-

teases. Whereas HA0 was rapidly cleaved by

trypsin in vitro into HA1 and HA2, this cleav-

age was completely inhibited in the presence of

CR8020 but not by a control, head-binding mAb

(Fig. 5D). Thus, blocking HA0 maturation to

HA1/HA2 may represent an additional mecha-

nism by which mAbs can block viral entry.

Implications for therapy and vaccines. In-

fluenza A viruses responsible for human pan-

demics have arisen from both group 1 (H1N1 and

H2N2) and group 2 (H3N2) viruses (Fig. 1A). In

addition, zoonotic viruses from both groups spo-

radically infect humans and have the potential

to trigger future pandemics (including H5N1 and

H9N2 from group 1, and H7N2 and H7N7 from

group 2). Consequently, an ideal, universal ther-

apy should provide protection against both group

1 and group 2 influenza viruses, as well as influ-

enza B. Attempts to isolate broadly neutralizing

antibodies against group 2 viruses from animals

have generally yielded antibodies reported as non-

neutralizing or of only modest potency or breadth

(24, 51–55), and broadly neutralizing human an-

tibodies against group 2 viruses have not been

previously described. A cocktail of antibodies,

such as CR6261 andCR8020,may protect against

essentially all influenza A viruses implicated in

human disease. Such a therapeutic cocktail

would have undisputed benefits for high-risk

groups, such as the elderly and immunocom-

promised, and for severe, life-threatening influ-

enza infections. These antibodies also represent

an ideal immunological solution to influenza

infection and could serve as a guide for devel-

opment of vaccines that elicit broader, long-lasting

immunity. The identification and characterization

of CR6261-like antibodies has already sparked

considerable advances, including (i) their detec-

tion in some individuals (21) and (ii) design of

immunization strategies that efficiently elicit stem

antibodies in mice, ferrets, andmonkeys (20, 25).

Thus, the identification and characterization of

CR8020 should facilitate similar advances for

group 2 viruses, bringing us one step closer to the

ultimate goal of a universal vaccine for influenza.
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A Neutralizing Antibody Selected from
Plasma Cells That Binds to Group 1
and Group 2 Influenza A Hemagglutinins
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Federica Sallusto,1 Patrick Collins,3 Lesley F. Haire,3 Nigel Temperton,4

Johannes P. M. Langedijk,5† John J. Skehel,3‡ Antonio Lanzavecchia1,6‡

The isolation of broadly neutralizing antibodies against influenza A viruses has been a long-sought
goal for therapeutic approaches and vaccine design. Using a single-cell culture method for
screening large numbers of human plasma cells, we isolated a neutralizing monoclonal antibody
that recognized the hemagglutinin (HA) glycoprotein of all 16 subtypes and neutralized both
group 1 and group 2 influenza A viruses. Passive transfer of this antibody conferred protection
to mice and ferrets. Complexes with HAs from the group 1 H1 and the group 2 H3 subtypes
analyzed by x-ray crystallography showed that the antibody bound to a conserved epitope in the
F subdomain. This antibody may be used for passive protection and to inform vaccine design
because of its broad specificity and neutralization potency.

H
emagglutinin (HA) is the main target of

influenza A virus–neutralizing antibodies

and undergoes continuous evolution driv-

en by the selective pressure of the antibody re-

sponse, which is primarily directed against the

membrane-distal receptor-binding subdomain of

the molecule (1). Genetically, there are 16 influ-

enza A subtypes of HA, which form two groups

(2, 3). Antibodies elicited by vaccination or in-

fection neutralize primarily homologous strains

within a given subtype, and new vaccines are

produced every year to match these strains (4, 5).

Heterosubtypic antibodies capable of neutraliz-

ing multiple subtypes within group 1 or group 2

have been isolated from immunized mice, phage

libraries, and memory B cells and plasma cells

of immune donors (6–11). In addition, globular

head–specific antibodies that cross-react with par-

ticular strains of group 1 and group 2 subtypes

have been isolated from immunized mice (12).

However, influenza A–neutralizing antibodies
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targeting epitopes conserved on all 16 subtypes

of group 1 and group 2 viruses have not been

found so far, and their isolation remains a ma-

jor goal for therapeutic approaches and vac-

cine design.

Antibody selection from cultures of single

plasma cells. Peripheral blood plasma cells

isolated 1 week after vaccination or infection are

largely antigen-specific and hence they represent

a large repertoire of antibody specificities. Be-

cause pan–influenza A–neutralizing antibodies

might be extremely rare, we developed a high-

throughput culture method to interrogate large

numbers of human plasma cells. The method in-

volves culture of single plasma cells in medium

supplemented with interleukin-6 (IL-6), a cyto-

kine that supports plasma cell survival (13), fol-

lowed by screening of the culture supernatants

with multiple parallel binding assays (14) and

rescue of the selected antibodies by single-cell

reverse transcription polymerase chain reaction

(RT-PCR) (15). We therefore isolated plasma

cells from selected donors who had been pre-

viously found to produce a strong heterosubtypic

antibody response (9), shortly after natural infec-

tion with influenza A or vaccination (16). Mono-

clonal antibodies derived from the culture of

single plasma cells were tested against the ho-

mologous HA, a heterologous group 1 HA (H5,

A/Vietnam/1203/04), and a heterologous group 2

HA (H7, A/Netherlands/219/03) (Fig. 1). We

interrogated a total of 104,000 plasma cells from

eight donors. From one donor, we isolated plasma

cells ~1 week after H1N1 swine origin influenza

virus (SOIV) infection in November 2009 and

7 days after vaccination with the seasonal vac-

cine in January 2010. In response to H1N1 SOIV

infection, most of the HA-specific plasma cell–

derived antibodies (89.7%) bound to SOIV HA

(A/California/04/09) and to H5 A/Vietnam/1203/04

HA, which indicated that infection with SOIV

boosted a rapid response by cross-reactive mem-

ory B cells. Only a few of these antibodies also

cross-reacted with H7 HA (such as FI442 and

FI510 in Fig. 1A). This donor’s response to the

seasonal vaccine (containing H1, H3, and in-

fluenza B antigens) was largely vaccine-specific

(98.2%) (Fig. 1B), consistent with a strong recall

response of subtype-specific memory B cells.

There were, however, a few antibodies that cross-

reacted with H5 HA, and of these, two (FI802

and FI804) cross-reacted also with H7 HA (Fig.

1B). These findings demonstrate that rare anti-

bodies recognizing both group 1 and group 2

HAs can be obtained after natural infection or

vaccination.

A neutralizing antibody selected in vivo for

binding to group 1 and 2 HAs. The sequences of

the variable regions of immunoglobulin heavy

chain (VH) and kappa light chain (VK) retrieved

from the four plasma cells producing H1/H5/H7

cross-reactive antibodies were identical. The se-

quences encoded an antibody that was named

FI6 (17). FI6 was made up of VH3-30*18 and

VK4-1*01, had a long heavy chain complementarity-

determining region 3 (HCDR3) (22 amino acids),

and had a large amount of somatic mutations in

both VH and VK genes (fig. S1). A clonally

related antibody (FI370), carrying the same

rearrangements as FI6 on heavy and light chains

and some shared somatic mutations, was found

among 663 H1/H5-specific plasma cells in the

November 2009 experiment (fig. S1).

The FI6 VH and VK genes were cloned into

expression vectors, and recombinant antibodies

were produced by transfecting 293F cells. We

also produced the FI6 germline version (FI6-GL),

the clonally related FI370 antibody, and an anti-

body containing all the mutations shared by FI6

and FI370 that represents the evolutionary branch-

ing point (FI6/370-BP) (fig. S2A). Purified anti-

bodies were tested for binding and neutralizing

activity against multiple HAs and viruses of dif-

ferent subtypes (Fig. 2). FI6 bound all recombi-

nant or purified HAs tested belonging to group

1 (H1, H2, H5, H6, H8, and H9) and group 2 (H3,

H4, H7, and H10) with half maximal effective

concentration (EC50) values ranging from 10 to

270 ng/ml (Fig. 2A). In addition, FI6 stained cells

transfected with HA genes belonging to group

1 (H11, H12, H13, and H16) and group 2 (H4,

H10, H14, and H15 (fig. S3). FI6 also neutral-

ized group 1 (H1 and H5) and group 2 (H3 and

H7) pseudoviruses and viruses, including the

1918 “Spanish flu” isolate (Fig. 2, B and C). In

contrast, FI6-GL and FI370 bound HAs and

neutralized viruses of group 1, but not group 2,

whereas the FI6/370-BP bound group 1 and,

with low efficiency, group 2 HAs (Fig. 2A and

fig. S2, B and C). These findings suggest that

the FI6-GL was initially selected by a group 1 virus

and developed to a branching point character-

ized by low-level binding to group 2 HA. From

this point, the final products FI370 and FI6 may

have been selected for binding to group 1 or group

2 HAs, respectively.

The contribution of somatic mutations to FI6

binding to group 2 HAs was further dissected

by producing FI6 variant antibodies in which sin-

gle or multiple mutations in VH and VK genes

were reverted to the germline (fig. S1). Binding

to group 2 HA required somatic mutations present

in the CDRs of both VH and VK and did not rely

on framework mutations (fig. S4). Reversion of

single mutations in the CDRs did not lead to a

significant loss of binding to group 2 HA, with

the exception of the VK R93S mutant (in which

Arg93 is replaced by Ser) and the VK F27D-S

mutant (in which Phe27D is replaced by Ser),

which led to a decrease in binding by factors of

44 and 12, respectively (fig. S4). On the basis of

these findings, we designed an optimized FI6

variant that lacks unnecessary somatic mutations

in the framework regions [including the glyco-

sylation site at position 75 in the heavy chain

framework region 3 (HFR3)] and two poten-

tially harmful residues, that is, an aspartate isom-

erization site at position 53–54 of HCDR2 and

an acidic cleavage site at position 101–102 of

HCDR3 (fig. S1) (18). This variant, called FI6v3,

showed binding and in vitro neutralizing prop-

erties comparable to those of FI6 (Fig. 2 and

fig. S4).

The above findings demonstrate the power

of the single–plasma cell culture method, which

allowed the interrogation of thousands of plas-

ma cells and led to the isolation of a rare pan–

influenza A–neutralizing antibody. The rarity of

this antibody is underscored by the fact that, from

interrogation of plasma cells isolated from seven

other donors, we isolated several antibodies that,

although they bound to group 1 and group 2 HAs

(such as FJ76 in Fig. 2), were unable to neutral-

ize virus infectivity. Notably, the FI6 antibody

was not found among ~20,000 immortalized B

cell clones generated from memory B cells of

the same donor.

Structures of FI6v3-H1 and FI6v3-H3 com-

plexes. The epitope recognized by FI6 was con-

sidered likely to be located in the F subdomain

of HA, on the basis of the initial finding that

FI6 inhibited syncytia formation but not hemag-

glutination (fig. S5), bound near the HA mem-

brane anchor in electron microscopy images of

FI6-HA complexes (fig. S6), and competed for

binding to HAs with the previously described

group 1–specific antibody F10, which has been

cocrystallized with H5 HA and shown to bind

Fig. 1. Identification of monoclonal antibodies bind-
ing to group 1 and group 2 HAs in single–plasma
cell cultures. Circulating CD138+ cells were isolated
from a selected donor ~1 week after infection with
SOIV H1N1 (A), and 7 days after vaccination (B),
and cultured at 0.5 cells/well for 4 days. Culture
supernatants were tested by ELISA for the presence
of IgG antibodies that bound to the homologous
recombinant HA molecule (H1 CA/09) or to the
seasonal 2009–10 vaccine, and to the heterologous
group 1 HA (H5 VN/04) and to the heterologous
group 2 HA (H7 NE/03). Each dot represents, for
each of the tested antigens, the optical density
(OD) values of individual cultures. Plasma cells
from selected cultures were harvested, and VH and
VL gene transcripts were retrieved by single-cell RT-
PCR. The red dots indicate cultures that contain IgG
reactive against group 1 and group 2 HAs and
carrying identical VH and VK sequences. Dotted
lines indicate background values.
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to the F subdomain (8) (fig. S7). Using Pepscan
analysis, FI6 was tested for binding to overlap-
ping 15-oligomer linear and cyclic peptides of
the F subdomain, spanning the C terminus of
HA1 and the full HA2 of the H5 A/Vietnam/
1194/04 virus, as well as to 26-oligomer homo-
dimeric helical coiled-coil peptides covering the
subdomain’s A and B helices (19). FI6 recog-
nized residues in the fusion peptide (fig. S8A)
and helix A of group 1 and group 2 HA
subtypes but not helix A of influenza B HA
(fig. S8, B and C). Fab fragments were prepared
from the optimized FI6v3 antibody and cocrys-
tallized with H1 (group 1) and H3 (group 2)
HAs (20). Although the two HAs are phylo-
genetically and structurally distinct and the
complexes crystallize with different packing
arrangements, the interaction surfaces were found
to be similar (fig. S10, A and B) and to agree
perfectly with the peptide-binding studies (fig.
S8, D and E). In both cases, each monomer of
the HA trimer binds one molecule of FI6v3
(Fig. 3). The HCDR3 loop of FI6v3 binds into a
shallow groove on the F subdomain of the HAs,
where the sides of the groove are formed by

residues from helix A of HA2 and parts of two
strands of HA1 (38 to 42 and 318 to 320),
whereas the bottom is formed by the HA2 turn,
encompassing residues 18 to 21 (fig. S10, A
and B). The HCDR3 loop crosses helix A, at an
angle of about 45 degrees, enabling Leu100A,
Tyr100C, Phe100D, and Trp100F to make hydro-
phobic contacts with residues in the groove (Fig.
4, A and B). Tyr100C and Trp100F also make po-
tential hydrogen bonds with the side chain of
Thr318 of HA1 and the main-chain carbonyl of
residue 19 of HA1, respectively. Two additional
polar interactions are formed by main-chain
carbonyls at residues 98 and 99 of HCDR3 with
Asn53 and Thr49 on helix A. Taken together, the
interaction of HCDR3 with HA (H1 and H3)
buries about 750 Å2 of the surface of the anti-
body, and about two-thirds of this interaction is
accounted for by the interaction with the HA2
chain. Overall, the interactions made by FI6v3
with the hydrophobic groove on H1 and H3 are
remarkably similar.

The light chain CDR1 (LCDR1) loop of FI6v3
makes two contacts with the side of helix A, op-
posite the side that contributes to the hydropho-

bic groove; Phe27D makes hydrophobic contact
with the aliphatic part of Lys39, and Asn28 hy-
drogen bonds to Asn43, together accounting for
a buried surface area of about 190 Å2 for both
H1 and H3. With H1 HA, which was cocrystal-
lized in the uncleaved form, LCDR1 also makes
extensive contact with the uncleaved “fusion pep-
tide” of the neighboring HA monomer (Fig. 3,
B and C, and Fig. 4, A and B), which accounts
for an additional 320 Å2 of FI6v3 buried sur-
face. Residues 28 and 29 of LCDR1 make main-
chain amide hydrogen bonds with the main-chain
carbonyls of HA1 residue 329 and the next-but-
one residue, Leu2, of HA2 and thus span the
cleavage site. Phe27D of LCDR1 makes hydro-
phobic contacts with Leu2 of the neighboring
HA2, whereas the side-chain hydroxyl of Tyr29

hydrogen bonds to the main-chain carbonyl of
residue 325 of the neighboring HA1 chain. In
contrast to the similar interaction of HCDR3
with H1 and H3 HAs, the interaction of LCDR1
with the fusion peptide from the neighboring
cleaved H3 HA monomer is substantially less ex-
tensive than the interaction formed with the un-
cleaved H1 HA (Fig. 3, inset B). Although Phe27D

Fig. 2. FI6 binds and neutralizes group 1 and group 2 influenza A viruses.
(A) Antibody binding (EC50 ELISA values) to recombinant or purified HAs
representative of group 1 (red symbols) or group 2 (blue symbols) sub-
types. EC50 values above 104 ng/ml (dotted line) were scored as negative.
Antibodies tested include FI6, FI6-GL, FI370 (an antibody clonally related to
FI6), FI6/370-BP (the evolutionary branch point of FI6 and FI370), FI6v3 (an
optimized version of FI6), FJ76 (an antibody isolated from plasma cells from
a different donor), F10 and CR6261 (two broadly neutralizing antibodies
against group 1 HAs) (7, 8), and HJ16 (a control antibody against HIV-1
gp120. (B) Neutralization of pseudoviruses representative of group 1 (red
symbols) or group 2 (blue symbols) subtypes. Shown are IC50 values. IC50
values above 104 ng/ml (dotted line) were scored as negative. (C) Neu-
tralization of infectious viruses representative of group 1 (red symbols) or
group 2 (blue symbols) subtypes. IC50 values were determined by a cytopathic
effect–based neutralization assay using the Reed and Muench formula
(16). IC50 values above 105 ng/ml (dotted line) were scored as negative. None
of the antibodies bound to the unrelated influenza B HA or neutralized
vesicular stomatitis virus (VSV) pseudoviruses. (D) The dendrogram, made
by the neighbor-joining method, shows the protein distance of the 39 HA
sequences tested as representative of the 16 subtypes of influenza A HA.

The amino acid distance scale is indicated with a value of 10% distance. Group 1 subtypes are in red and group 2 subtypes in blue. Complete viral strain
designations are listed in (16). Experiments were performed in duplicates for binding or in quadruplicates for neutralization assays. Data are representative of
at least three independent experiments.
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again makes contact with the aliphatic moiety of
Lys39 of HA2, Tyr29 makes potential hydrogen
bond contact with the main-chain carbonyl of
Ala7 of the neighboring HA2 (as opposed to
residue 329 in uncleaved H1 HA). In contrast,
there are no main-chain contacts between the
LCDR1 loop and the fusion peptide of the cleaved
H3 HA, which accounts for the smaller con-
tact area of 114 Å2 (compared with 320 Å2 in H1
HA). It also seems that cleavage of the HA
precursor to produce the H3 HA results in the
slightly different orientation of FI6v3 with re-
spect to the HA in the FI6v3-H3 and FI6v3-H1
complexes.

The structures of two cross-reactive antibodies,
CR6261 and F10, which are group 1–specific,
have previously been reported as complexes with
H5 and H1 HAs (Fig. 3, D and E) (8, 21). The
binding of CR6261 and F10 antibodies to HA is
mediated only by their VH domains, which are
oriented approximately the same as each other
with respect to the HA, but both antibodies are
significantly rotated relative to FI6v3 and are 5 to
10 Å nearer to the membrane-proximal end of
HA (Fig. 3, D and E). The structures of FI6v3-H1
and FI6v3-H3 presented here also reveal that,

although the binding sites on HA of the three
antibodies overlap extensively, the nature of the
interactions made by FI6v3, and presumably
FI6, is markedly different from that of those
made by CR6261 and F10 antibodies. The most
striking difference is that the interaction of
FI6v3 with the hydrophobic groove on HA is
mediated solely by the long HCDR3, whereas for
CR6261 and F10, all three HCDRs are involved
in binding (Fig. 4, C and D).

An important difference between the FI6v3-H1
and FI6v3-H3 complexes is that H3 HA is gly-
cosylated at Asn38 (HA1), as are H7, H10, and
H15 HAs of group 2, whereas H1, in common
with all group 1 HAs, is not. In the unbound
structure of H3 (22), this carbohydrate side chain
projects from the beta strand of HA1, which
contains the Asn38 residue, toward helix A of
HA2 of the same HA subunit, such that it would
overlap the footprint of FI6v3 (Fig. 5A). Car-
bohydrate side chains are known to influence
the antigenicity of virus glycoproteins (23–25);
therefore, this overlap has been suggested to
account for the lack of binding to group 2 HAs
of other group 1 cross-reactive antibodies that tar-
get the membrane-proximal region of HA (8, 21).

FI6v3 binding to H3 HA, however, is enabled
by reorientation of the oligosaccharide, a rota-
tion of about 80o away from the surface of the
HA, so that it makes new contacts with Asp53

and Asn55 of the HCDR2 loop (Fig. 5B). Given
that the flexibility of the carbohydrate side chain
at Asn38 allows it to accommodate FI6v3 bind-
ing to H3 HA, we asked whether this glycosyl-
ation site was likely to be the reason that H3 HA
does not bind to CR6261 or F10. Simple model-
ing suggests that the same change in orientation
of the carbohydrate side chain would be com-
patible with the binding of the CR6261 (21), but
not the F10 (8), cross-reactive antibodies. The
beta turn encompassing VH residues 73 to 77 of
F10 would clash with the Asn38-linked carbohy-
drate in the orientation it adopts in the FI6v3-H3
complex, and it is unclear whether the carbohy-
drate would be free to rotate further out of the
binding site to accommodate F10 binding. How-
ever, neither CR6261 nor F10 were able to neu-
tralize an H7 pseudovirus (A/chicken/Italy/99)
in which the glycosylation site (Asn38) was re-
moved [half maximal inhibitory concentration
(IC50) > 50 mg/ml], which indicated that the
steric hindrance of the glycan is not the only
structural constraint that prevents binding of
CR6261 and F10 antibodies to group 2 HAs.

Besides the glycosylation of Asn38, the most
striking difference in the F subdomain structure
between group 1 and group 2 HAs involves the
group-distinctive environment and orientation
of HA2 Trp21 (26, 27). In group 1 HAs, Trp21 is
approximately parallel to the surface of the F
subdomain, whereas in group 2 HAs, it is ori-
ented roughly perpendicular to the surface (Fig.
5, C and D). All three antibodies (FI6v3, CR6261,
and F10) make contacts with Trp21, mainly
through a phenylalanine side chain: Phe100D

on FI6v3, Phe54 on CR6261, and Phe55 on F10
(Fig. 5, C and D). In the case of FI6v3, local
rearrangements in the HCDR3 loop mean that
Phe100D sits ~2 Å deeper in the hydrophobic
groove in the H1 complex than it does in the H3
complex; it thus maintains a similar contact dis-
tance with Trp21 in both cases. The two group
1–specific antibodies position Phe54 (CR6261)
and Phe55 (F10) similarly to FI6v3 in complex
with H1 HA. However, as Phe54 (CR6261) and
Phe55 (F10) are located on the short loop of
HCDR2, which connects two adjacent antipar-
allel strands, it seems that there is less flexibil-
ity than in FI6v3 for the phenylalanine to move
further out of the hydrophobic groove to ac-
commodate the group 2 orientation of Trp21.
Thus, binding of CR6261 and F10 to group 2
HAs is likely blocked by a steric clash between
the HCDR2 phenylalanine and Trp21. In sum-
mary, the structural data obtained indicate that,
although the core epitope on helix A is similar to
that recognized by CR6261 and F10, FI6v3 (and
likely FI6) binds with a different angle, 5 to 10 Å
more membrane distal, and contacts a larger area,
embracing helix A and extending to the fusion
peptide of the neighboring monomer both in the

Fig. 3. FI6v3 binding to the F subdomain of the HA trimer. (A) Trimer of H3 HA binding three FI6v3
[Protein Data Bank (PDB) identification no. 3ZTJ] antibodies in Ribbons representation. One of the HA
monomers is colored blue for HA1 and red for HA2; the other two HA monomers are gray. (B and C)
Enlarged view of the interaction of the LCDR1 loop with the fusion peptide of the neighboring HA in
FI6v3-H1 (B) and FI6v3-H3 (C) complexes, respectively. (D and E) Structures of monomers from H5 HA
in complex with CR6261 (PDB 2GBM) (D) and F10 (PDB 3FKU) (E) binding to a region similar to that of
FI6v3 but with their VH domain sitting 5 to 10 Å lower on the HA.
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cleaved and uncleaved forms (fig. S11). FI6v3

binding is mediated by both VH and VK CDRs,

with prominent contributions of the long HCDR3,

which accommodates different conformations of

the group-specific Trp21 loop, and of the heavily

mutated LCDR1. The use of both VH and VK

chains and the long HCDR3 are characteristic

of naturally selected antibodies and contrast with

a property of phage-derived antibodies, such

as CR6261 and F10, which bind using only the

VH chain.

Prophylactic and therapeutic efficacy of FI6

and FI6v3 in vivo. The protective efficacy of FI6

and FI6v3 was tested in mice lethally infected

with A/Puerto Rico/8/34 (H1N1) virus. In this mod-

el, FI6 and FI6v3 showed comparable prophy-

lactic efficacy, as they were fully protective when

administered at 4 mg per kg of body weight and

partially protective at 2 mg/kg (Fig. 6A and

fig. S12). When tested therapeutically at 15 mg/kg

in mice lethally infected with A/Puerto Rico/8/34,

FI6v3 was able to protect from lethality when

administered 1 or 2 days post infection (Fig. 6B).

Lung virus titers on day 4 after infection in

mice treated with FI6v3 on day 0 or 1 day after

infection were reduced to about 1/100th the titers

in control antibody-treated mice (fig. S13). FI6v3

was also effective in reducing body weight loss

in mice challenged with a H3 HK-x31 reas-

sortant virus, which failed to exert a lethal effect

even at the high dose tested (Fig. 6C). Further-

more, FI6 protected ferrets from a lethal chal-

lenge with the highly pathogenic H5N1 virus

(A/Vietnam/1203/04) (Fig. 6D and fig. S14).

For in vivo experiments aimed at determin-

ing the role of antibody effector functions in

the protective efficacy of FI6, we produced Fc

mutants of FI6 that lacked complement bind-

ing (FI6-KA) or complement and Fc receptor

(FcR) binding (FI6-LALA) (28). These antibodies

showed the same binding and in vitro neutraliz-

ing properties as FI6 and comparable half-lives

in vivo (mean values 3.3, 3.4, and 3.5 days for

FI6, FI6-KA, and FI6-LALA, respectively). When

administered at 10 mg/kg, FI6 and FI6-KA were

fully protective, whereas FI6-LALA showed a

substantial loss of activity, as it was able to

protect only 40% of the animals (Fig. 6E). This

decreased efficacy was particularly evident when

mutant antibodies were administered at the lim-

iting concentration of 3 mg/kg (Fig. 6F). These

data suggest that in vivo efficacy is substantially

dependent on FcR binding, which implies that

the killing of infected cells might play a role in

limiting infection in vivo. This conclusion is

compatible with the finding that FI6 binds effec-

tively to the HA expressed on influenza virus–

infected cells (fig. S15).

Mechanisms of neutralization of virus infec-

tivity. From the data obtained, a number of sug-

gestions can be made regarding mechanisms

by which FI6 (and the optimized FI6v3 version)

might neutralize virus infectivity. The increase

in stability of the F subdomain, which would re-

sult from high-affinity antibody binding, would

be expected to inhibit the conformational changes

in HA that are required for membrane fusion

(23), as shown by the inhibition of syncytia for-

mation (7–9). Two other mechanisms may be in-

volved in neutralization. In the first, the antibody

light chain binding to unprocessed HA0 would

block cleavage and hence infectivity, at least for

those viruses where cleavage occurs extracellu-

Fig. 4. FI6v3 interactions with the F subdomain of HA. (A and B) Surface representation of the F sub-
domain of H1 HA (A) (PDB 3ZTN) and H3 HA (B) colored according to atom type (carbon, gray; oxygen,
red; nitrogen, blue; sulfur, yellow) with the HCDR3 and LCDR1 loops of FI6v3 shown as a yellow coil
and green coils, respectively, with selected side chains. (C and D) Similar views of H5 HA in complex
with F10 (C) and CR6261 (D) with the HCDR1, HCDR2, and HCDR3 loops as yellow coils.

Fig. 5. Group-specific differences at the cross-reactive antibody–binding sites. (A and B) Positioning of
the carbohydrate side chain at Asn38 in the H3 HA apo structure (A) and in the FI6v3-bound structure
(B). (C and D) Orientation of HA1 Trp21 in different antibody complexes. (C) Phe100D of the HCDR3 loop
of FI6v3 interacting with the F subdomain of the HAs. The FI6v3-H3 complex is orange and the
FI6v3-H1 complex is gray. (D) The HCDR2 loop of the F10 and CR6261 antibodies presenting Phe55

and Phe54, respectively, toward Trp21 of H5 HA.
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larly (29, 30). This hypothesis is supported by the

finding that FI6v3 inhibits cleavage of HA0 by

trypsin treated with L-(tosylamido-2-phenyl) ethyl

chloromethyl ketone (TPCK trypsin) (fig. S16).

In the second, the light-chain interactions with

the fusion peptide and the C-terminal HA1 resi-

dues of the neighboring subunit may prevent fu-

sion by cross-linking the subunits of the HA

trimer (31, 32). In all cases, the efficiency of neu-

tralization would depend on the accessibility

to the binding site at the membrane-proximal

region of HA (33), which is limited by the HA

surface coverage on the virus, estimated to vary

between 20 and 50% (34, 35). In contrast, on

the surface of infected cells, the interaction of

FI6 with newly made HA is unlikely to be re-

stricted by spacing considerations, and there-

fore, the antibody may prevent virus assembly,

recruit complement and FcR+ cytotoxic cells, or

act by other mechanisms yet to be defined (36).

Concluding remarks. A common objective of

studies of antibody-HA complexes is to deduce

structural parameters that would direct vaccine

design. The importance of helix A in HA-mediated

membrane fusion is clear from structural analy-

ses (37) and is reflected by the neutralization

of virus infectivity by antibodies, such as FI6,

CR6261, and F10, or small molecules that target

this region (8, 21, 38). Furthermore, the pan-

influenza cross-reactivity of FI6 is also related

to its ability to accommodate the group-specific

arrangements of residues near Trp21, which are

implicated in the activation of membrane fu-

sion at low pH (26, 27). The elicitation of anti-

bodies able to bind helix A and to accommodate

the structural differences in the Trp21 region

represents a favorable characteristic for a pan-

influenza vaccine.

The main incentives for our studies of anti-

influenza antibodies are the unpredictability of

the occurrence of influenza pandemics, the wide

range of antigenically novel viruses, and the need

for new antiviral treatments of severe influenza

infections. The results of prophylaxis and therapy

that we report identify FI6 as the first example of

a neutralizing monoclonal antibody for potential

use against all influenza A viruses.
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Type Ia supernovae are key tools for measuring distances on a cosmic scale. They are generally thought

to be the thermonuclear explosion of an accreting white dwarf in a close binary system. The nature of

the mass donor is still uncertain. In the single-degenerate model it is a main-sequence star or an

evolved star, whereas in the double-degenerate model it is another white dwarf. We show that the

velocity structure of absorbing material along the line of sight to 35 type Ia supernovae tends to be

blueshifted. These structures are likely signatures of gas outflows from the supernova progenitor systems.

Thus, many type Ia supernovae in nearby spiral galaxies may originate in single-degenerate systems.

T
ype Ia supernovae (SNe Ia) have large
and calibratable luminosities, making them
good tools for measuring distances on a

cosmic scale to gauge the geometry and evolu-
tion of the universe (1, 2). Understanding the
nature of the progenitor system is important, as
progenitor evolution or a changing mix of dif-
ferent progenitors may bias cosmological infer-
ences. The consensus view of SNe Ia is that mass
transfer onto a massive carbon-oxygen white-dwarf
(WD) star in a close binary leads to a thermonu-
clear explosion, as the mass of the WD approaches
the critical Chandrasekhar mass limit (3). In the
single-degenerate (SD) model, the mass donor is
either a main-sequence star or an evolved subgiant
or giant star, whereas in the competing double-
degenerate (DD) model it is another WD (4).

In the SD scenario, nonaccretedmaterial blown
away from the system before the explosion should
remain as circumstellar matter (CSM) (5); thus,
detection of CSM in SN Ia spectra would lend

support to the SD model. Patat et al. reported
such a detection on the basis of time-variable
absorption features of the Na I doublet (Na I D1

and D2; lD1 = 5896 Å and lD2 = 5890 Å rest-
frame wavelengths) in optical spectra of SN
2006X (6). These authors suggest that CSM
may be common to all SNe Ia, though variation
in its detectability can exist due to viewing angle
effects. Although multi-epoch high-resolution
spectra of SN 2000cx (7) and SN 2007af (8)
exhibited no absorption features or no time va-
riation in them, additional detections were re-
cently reported for three other events: SNe 2007le,
1999cl, and 2006dd (9–11). Although it has been
suggested that Na D absorption could not have
been caused by CSM owing to ionization con-
siderations (12), detailed arguments to the con-
trary have been presented (9, 13).

Absorption features from unrelated interven-
ing gas clouds are expected to have random
velocity offsets with respect to the SN, whereas

absorption due to winds blown by the progen-
itor system is expected to be always blueshifted
with respect to the SN, because the source of
light is behind the outflowing absorbing material.
We thus searched for this signature in a large
sample of high-resolution, single-epoch observa-
tions of SNe Ia. Our sample consisted of spectra
of 35 SNe Ia and 11 core-collapse (CC) SNe ob-
tained with the Keck HIRES and Magellan MIKE
spectrometers. We also studied previously pub-
lished spectra of six SNe Ia (6, 14–17) and seven
CC SNe (16–22). A bias may exist if other spec-
tra were obtained but not published. Therefore,
we report results separately with and without
these historical SNe (hereafter “the extended sam-
ple,” for which results are given in square brack-
ets). Detailed analyses of a few events from our
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sample have been published: SN 2006X (6), SN
2007af (8), SN 2007le (9), and SN 2008D (23).

The HIRES observations used setups with spec-
tral resolution (R = l/dl) of ∼50,000 to 52,000,
giving full width at half-maximum (FWHM) in-
tensity of ∼0.115 to 0.12 Å (or ∼5.5 to 6 km s−1)
in the vicinity of the Na I D lines. The MIKE
observations were obtained with R ≈ 30,000 to
36,000, giving FWHM ≈ 0.165 to 0.2 Å (or ∼8.4
to 10 km s−1) near Na I D.We reduced the HIRES
spectra using the MAKEE (MAuna Kea Echelle
Extraction) pipeline (24). The MIKE data were
reduced with the latest version of the MIKE
pipeline (25).

We obtained the redshift and morphologi-
cal classification of the host galaxies of our SN
sample from the NASA/IPAC Extragalactic Data-
base (NED) (26), the SIMBAD astronomical
database (27), or using images from the Digital
Sky Survey (DSS) (28). Our sample host-galaxy
redshifts z are between 0.0019 [0.0015] and 0.06.
Tables S1 and S2 list our complete SN sample
with host-galaxy properties.

The redshifts of the host galaxies are suffi-
ciently large to allow us to differentiate between
absorption resulting from material in the Milky
Way (MW) (i.e., at z ≈ 0; used as a control sam-
ple) and from material in the host galaxies of
the SNe. Out of the 35 [41] events in our SN Ia
sample, 22 [28] events exhibit absorption fea-
tures consistent with the object’s host-galaxy red-
shift and 13 events do not [supporting online
material (SOM) text S1]. In the CC SN sample,
9 [16] events exhibit absorption compatible with
the SN host-galaxy redshifts and 2 events do not
(SOM text S1). Of a total of 46 [59] events (SNe

Ia and CC SNe), 42 [51] exhibit Na I D absorp-
tion due to material in the Milky Way whereas
4 [8] do not.

We normalized the spectra across the con-
tinuum and translated wavelengths into veloc-
ities relative to the wavelength of the minimum
of the most prominent absorption feature of both
of the D lines (SOM text S2), both for the fea-
tures in the host galaxies and in the Milky Way
when detected, using the Doppler shift,

v=c ≈ ðl − l0Þ=l0 ð1Þ

where c is the speed of light in vacuum, l0 is
the wavelength of the zero-velocity component,
and v is the velocity of the component that was
Doppler shifted from l0 to l. We categorized
the absorption features exhibited in our spectra
into three classes of structures as follows (see
Fig. 1 for graphic examples): (i) Blueshifted: One
prominent absorption feature with weaker fea-
tures at shorter wavelengths with respect to it. (ii)
Redshifted: One prominent absorption feature
with weaker features at longer wavelengths with
respect to it. (iii) Single/Symmetric: A single ab-
sorption feature, or several features with both blue
and redshifted structures of similar magnitude.
Classification results are presented in Table 1,
Fig. 2, and fig. S1.

We used the Galactic Na I D absorption along
the line of sight to our SNe as a control sample,
extending it with Galactic absorption along the
line of sight toward quasi-stellar objects (QSOs)
published by Ben Bekhti et al. (29). To imitate
being observed from outside of the Milky Way,
we inverted the velocities of the Galactic fea-

tures. Figures S2 to S5 show the spectra of the
SN Ia sample, and fig. S6 shows the spectra of
the CC SN sample.

The absorption features we observe are nar-
row, with typical separations and velocity dis-
persions of a few tens of km s−1, and are distinct
from features due to material ejected in the ex-
plosion itself that are wide (∼104 km s−1), re-
flecting the expansion velocity of the SN ejecta.
It is apparent from Table 1, Fig. 2, and fig. S1
that the SN Ia sample displays a strong prefer-
ence for blueshifted structures, whereas the Milky
Way sample shows no distinctive preference.

To test whether our SN Ia sample could be a
random draw out of a uniform distribution, we
calculated the probability of observing a set of
22 [28] spectra exhibiting the preference we de-
tected in our sample, or a set even more extreme
(i.e., 12 [16] or more blueshifted spectra and 5
[6] or fewer redshifted spectra); the result was
low, 2.23% [0.54%]. Moreover, a Kolmogorov-
Smirnov (K-S) test rejects the null hypothesis
that the SN Ia and MW samples are from the
same distribution at a 1% significance level.

Out of the 17 SNe Ia that were classified as
blueshifted or redshifted, 2 events (11.8%; SNe
2006X and 2008fp) exhibit saturated features. Out
of the 7 CC SNe classified as blueshifted or red-
shifted, 4 events (57.1%; SNe 2006bp, 2008cg,
2008D, and 2008J) exhibit saturated features. Three
SNe Ia in our sample occurred in elliptical galaxies
(SNe 2006ct, 2006eu, and 2007on; see table S1),
and their spectra do not exhibit Na I D absorption
features. Eight of our SNe Ia occurred in lenticular
galaxies, of which two exhibit absorption fea-
tures (one blueshifted and one single) and six do
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Fig. 1. Examples of spectra classified as blueshifted (A), redshifted (B), and single (C) or symmetric (D). Flux is normalized and velocities are given in km s−1

relative to the prominent absorption-feature minimum (relative to D2 in blue and to D1 in red).
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not. Therefore, our sample provides a good rep-

resentation of SNe Ia in nearby (z ≤ 0.06) spiral

galaxies.

We calculated the velocities and column den-

sity (N) of the absorbing material by fitting them

with Voigt profiles using VPFIT [(30); see Fig.

3]. SN Ia features have a log(N) similar to that of

the MW features, lower on average than those in

CC SNe. The relative velocities of the SN Ia fea-

tures range between −150.8 and +139.4 km s−1

(with an additional single feature at +193.7 km s−1),

whereas the CC SN relative velocities range be-

tween −87.2 and +116.6 km s−1, and the MW ve-

locity ranges between −79.5 and +116.9 km s−1.

The cumulative distribution of the relative num-

ber of features as a function of the velocity for

each sample is given in Fig. 4.

The narrow absorption features that we mea-

sured could possibly be produced by (i) interven-

ing clouds of gas in the host galaxy; (ii) a systemic

wind blown by the host galaxy; (iii) nonrandomly

moving interstellar matter (ISM)—a relic from a

star-forming event; and (iv) material ejected from

the progenitor system before its explosion.

In the first case, intervening clouds of gas in

galaxies may have a small random velocity rel-

ative to the local rotation velocity; therefore, the

resulting absorption features are equally likely to

be either blueshifted or redshifted relative to the

SN, in contrast to the preference exhibited in our

SN Ia sample (shown to be inconsistent with a

random draw from a uniform parent distribution).

The structure of the absorption features observed

in theMilkyWay is due to the movement of ISM

gas clouds, and our results are in good agreement

with a uniform distribution from randomlymoving

clouds (see Table 1, Fig. 2, and fig. S1). The CC

SN sample is unfortunately quite small and is

consistent with either a uniform distribution or

one similar to that of the SN Ia sample.

If the second explanation was viable, we

would expect to see a signature of this wind in

the Milky Way sample, as a prevalence of blue-

shifted absorption (i.e., outflowing). However, the

MW could be a special case. We would also ex-

pect to see a similar, or even greater, effect in our

CC SN sample, but this is not the case. Never-

theless, the CC SN sample is too small to reach

statistical significance. Furthermore, if this model

were correct, blueshift due to galactic outflows

would be common and imply a large velocity

span, at small host inclination (i.e., hosts closer

to being face on). Figure S7 shows that the ab-

sorption features of SN Ia events that occurred

in spiral hosts (see figs. S9 to S11 for host im-

ages) show no preference toward low-inclination

hosts, nor is there a correlation between the ve-

locity span and the inclination.

In addition, galactic winds are observed mainly

in galaxies with a star-formation rate (SFR) sur-

face density threshold above ∼0.1M◉ (solar mass)

year−1 kpc−2 and are rare in local ordinary disk

galaxies (31). Moreover, galactic winds are thought

to be expelled into the halo and then cool and

fall back onto the disk [the “galactic fountain”

process (32, 33)]. Because of its low first ioniza-

tion potential (5.1 eV), sodium is a good tracer

for neutral gas; thus, Na I D absorption is ex-

pected to be observed mainly in the later stage

of the galactic fountain process (i.e., the inflow)

when the gas is mostly neutral, and less during

the earlier outflow stage when the gas is ex-

pected to be mostly ionized (34, 35), resulting

in a redshifted preference. Absorption from gas

in galactic halos has larger equivalent widths

and column densities of Ca II H and K, N(Ca II)

relative to Na I D, whereas ISM and CSM have

N(Na I)/N(Ca II) of order unity (36). We have

spectral coverage of Ca II H and K for 12 out of

Table 1. Classification of absorption features.

Sample Blueshifted Redshifted Single/Symmetric Total

SNe Ia 12 [16] 5 [6] 5 [6] 22 [28]

CC SNe 4 [8] 3 [5] 2 [3] 9 [16]

MW (SNe) 12 [13] 13 [16] 17 [22] 42 [51]

MW (QSO) 10 13 6 29

MW (QSO+SNe) 22 [23] 26 [29] 23 [28] 71 [80]

31%

36.6%

32.4%

Milky Way (QSO+SNe)

 

 

 Blueshifted

 Redshifted

 Single/Symmetric

54.6%
22.7%

22.7%

SNe Ia

34.5%

44.8%

20.7%

Milky Way (QSO)

28.6%

30.9%

40.5%

Milky Way (SNe)

44.4%

33.3%

22.3%

Core Collapse SNe

Fig. 2. Pie-chart visualization of the results given in Table 1. The results for the extended samples
are shown in fig. S1.
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Fig. 3. A plot of log(N) of the absorbing material calculated with VPFIT as a function of velocity
relative to the zero-velocity component, for the blueshifted and redshifted components observed in
our sample. Zero-velocity components are omitted. The solid lines are the log(N) averages for the
different samples: SNe Ia (blue), log(N)avg = 11.67 T 0.054; CC SNe (red), log(N)avg = 12.07 T 0.075;
and MW (green), log(N)avg = 11.59 T 0.058. Column densities are given in cm−2. Dashed lines mark
the uncertainty in the mean of the corresponding solid lines.
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the 22 SN Ia events that exhibit Na I D absorp-

tion (7 of which are blueshifted). All these events

exhibit N(Na I)/N(Ca II) ≤ 1. This implies that

the absorbing material is not in the galactic halo.

It is plausible that most of the SNe in our SN

Ia sample are “prompt” events, arising from pro-

genitor systems with short (<500 million year) de-

lay times from star formation to explosion (37, 38).

If this is the case, the massive stars that were

formed at the same time as the progenitor sys-

tem could have driven a wind and blown a cavi-

ty in the ISM, such that the remaining gas clouds

along the line of sight would be blueshifted from

our perspective. However, even in spiral galaxies,

SNe Ia do not follow massive stars as traced by

H II regions (39) and so are unlikely to reside

close to recent star-formation regions. This pro-

cess might be evident in our observations of CC

SNe, which show an excess of strong (and even

saturated) absorption compared to the SNe Ia.

Hence, we conclude that the blueshifted pref-

erence is due to an inherent feature of the SNe

themselves. The low velocities and narrowness

of the features suggest that these absorption fea-

tures are due to CSM that was ejected by the

progenitor system before the SN explosion. Fea-

tures with relatively low velocities (i.e., a few

10 km s−1) may be attributed to a wind blown

by a red giant companion, but those with higher

velocities are incompatible with such winds.

Patat et al. (6) proposed that the observed

features in spectra of SN 2006X arise from shells

of successive recurrent nova eruptions that swept

up the stellar wind of the companion [SOM text

S6 of (6)]. This scenario has gained support from

a study of the Na I D, Ca II H and K, and K I

blueshifted absorption lines observed in spectra

of RS Ophiuchi, a symbiotic recurrent nova (40).

These features are similar to those exhibited in

our SN Ia sample (SOM text S3), i.e., at least

one type of SD system is shown to be able to

produce such features.

Our findings are consistent with the SD mod-

el (41, 42) as the progenitor system of a certain

fraction of SNe Ia in nearby spiral galaxies (43).

But how large is this fraction? The detection of

the absorption features might be angle dependent;

thus, we can only estimate a lower limit. If we

assume that we should observe the same amount

of blueshifted and redshifted components due to

ISM, we can attribute any blueshifted excess to

CSM, implying a lower limit of 25% [26%] of

SNe Ia events that occur in spiral galaxies. Alter-

natively, assuming the MW blueshifted fraction

represents galactic ISM, we get an estimate of at

least 20% [24%] of SNe Ia in spiral hosts.
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Interaction-Driven Spectrum
Reconstruction in Bilayer Graphene
A. S. Mayorov,1 D. C. Elias,1 M. Mucha-Kruczynski,2 R. V. Gorbachev,3 T. Tudorovskiy,4

A. Zhukov,3 S. V. Morozov,5 M. I. Katsnelson,4 V. I. Fal’ko,2 A. K. Geim,3 K. S. Novoselov1*

The nematic phase transition in electronic liquids, driven by Coulomb interactions, represents
a new class of strongly correlated electronic ground states. We studied suspended samples of bilayer
graphene, annealed so that it achieves very high quasiparticle mobilities (greater than 106 square
centimers per volt-second). Bilayer graphene is a truly two-dimensional material with complex chiral
electronic spectra, and the high quality of our samples allowed us to observe strong spectrum
reconstructions and electron topological transitions that can be attributed to a nematic phase transition
and a decrease in rotational symmetry. These results are especially surprising because no interaction
effects have been observed so far in bilayer graphene in the absence of an applied magnetic field.

A
lthough many consequences of the chiral

nature of the quasiparticles in mono-

(1–3) and bilayer (4–5) graphene have

already been demonstrated (3), sample inhomo-

geneities and broadening of the energy levels

(due to a finite lifetime of the charge carriers)

prohibited direct access to the intriguing regime

of zero electron and hole concentrations. The lat-

ter regime has attracted a large number of pos-

sible scenarios for the particular arrangement of

the electron ground state. For bilayer graphene,

the single-electron picture (5) (where the parabolic

spectrum is replaced by four Dirac cones at low

energies) is challenged by several many-body

phase transition scenarios: ferromagnetic (6), ferro-

electric (7, 8), and nematic (9, 10). The latter

resembles the transitions in correlated anisotropic

electron fluids (11–13) that have been observed in

several systems, including electrons in high Landau

levels in two-dimensional electron gas (14–16),

multilayered complex oxides (17, 18), iron pnictides

(19), and strontium ruthenate (20).

Recently, the required access to the low-energy

physics in bilayer crystals has been enabled by

improvements in the quality of samples created

by removing the underlying substrate (21–23).

Free-standing graphene devices allow a 100-fold

increase in the mobility (above 106 cm2/V⋅s) (24)
after annealing. We studied the low-energy elec-

tronic properties of such high-quality, free-standing

bilayer graphene devices and demonstrate that

electron-electron interaction effects play a dom-

inant role at low energies, even at low magnetic

fields strengths B. Our samples were prepared

on Si/SiO2 substrate (300 nm of SiO2) bymicro-

mechanical cleavage (1). Narrow (2 to 4 mm) rib-

bons were selected, and Cr/Au (5 nm/150 nm)

contacts were deposited by means of electron-

beam or laser-writer lithography and electron-

beam evaporation to create two-probe devices.

Wet etching in buffered hydrofluoric acid was used

to remove about 150 nm of SiO2 substrate to form

free-standing bilayer graphene devices (Fig. 1C).

As prepared, such samples were p-doped to

about several 1012 cm−2 and exhibited mobility

traditionally expected for samples on a substrate

(25) (~5000 cm2/V⋅s). We used current annealing

(22) to remove such unintentional doping and

increase the mobility (typically 0.5 to 1 mA/mm

current densities were used). After annealing, our

devices exhibited a very sharp resistance peak

situated almost exactly at zero gate voltage (with-

in 108 cm−2 in terms of residual doping; Fig. 1,

A and B). Typical quantum mobilities achieved

were within mq = 0.5 × 106 to 1.5 × 106 cm2/V⋅s
(estimated from the onset of quantum oscillations

in magnetic field B0 as mqB0 = 1). Transport mo-

bilities were more difficult to estimate because

of the influence of the contacts in the two-probe

geometry and nearly ballistic transport in our

high-quality samples. However, a rough estimate

made from the slope of the conductivity curve

(field effect mobility: m = 1/e⋅ds/dn, where s is

conductivity) gave similar numbers (within 30%).

Our experiments on electronic transport in

free-standing bilayer graphene in zero and finite

magnetic fields show that at energies below 5 meV,

the parabolic dispersion [as usually observed at

high energies (4)] is replaced, through an electron

topological transition, by several pockets with a

linear spectrum. Also, our magnetic field mea-

surements show the presence of only two Dirac

cones around each K point in the Brillouin zone,

in contrast with the single-particle theory (5) that

predicts four Dirac cones around each K point

at energies below 1 meV. We interpret the results

of our experiments as an indication for interaction-

driven phase transition (9).

All of the samples in our study had practically

zero doping (within 108 cm−2), which allowed us

to estimate the possible energy gap that would

arise from asymmetry between the layers. This

gap is lower than 0.1 meV, which is an order of

magnitude smaller than the effects we describe.

The absence of the gap is also manifested in the

relatively weak temperature dependence of the

resistivity peak (conductivity minimum) down to

the lowest temperatures measured (T = 0.25 K)

(Figs. 1A and 2A). At low temperatures, the

conductivity saturates at a finite value of about

20 e2/ph (h, Planck’s constant) (see fig. S1 for

details), which is substantially greater than the

value expected for ballistic monolayer graphene

(26, 27) (4e2/ph) or bilayer graphene with a par-

abolic dispersion relation (28) (8e2/ph). The mea-

sured minimum conductivity is slightly lower

than 24e2/ph predicted (29) for bilayer spectrum

transformed by the electron topological transi-

tion at low Fermi energies (5) (Fig. 2B).

The broadening and the amplitude of the

conductivity minimum were linear functions of

temperature for T > 20 K. Broadening of the

conductivity minimum effectively yielded the

same information as the amplitude, but without

the ambiguity that arises from the contact resist-

ance and the quantum minimum conductivity

(see SOM text for the definition of broadening

we use here). Such behavior is expected for

the parabolic dispersion relation, which guar-

antees a constant density of states (conductiv-

ity: smin = em∫D(E)[ f(E,T ) − f (E,T = 0)]dE =

4 ln(2)emmT/pħ2, where D(E) = constant is the

density of states, f(E,T) is the Fermi-Dirac dis-

tribution function, and m is the effective mass,

and we assumed that the mobility is indepen-

dent of the temperature and the position of the
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A
C

B

Fig. 1. Temperature dependence of the resistance
in graphene and bilayer graphene. (A) Temperature
dependence of two-terminal resistance of bilayer
graphene at zero magnetic field. (B) Temperature
dependence of two-probe resistance of monolayer
graphene at zero magnetic field. (C) A scanning elec-
tron micrograph of one of our suspended devices.
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Fermi level). The slope of the temperature de-

pendence yielded m ≈ (0.029 T 0.003)m0 (Fig.

2B) (here m0 is the free electron mass). Note that

according to the same arguments, the conduc-

tivity for the monolayer graphene and broaden-

ing of the conductivity minimum increased much

more slowly and [because D(E) º |E| for the

linear spectrum] is a parabolic function of T (Fig.

1B and Fig. 2, B and C).

For T < 20 K, the temperature dependence

of the width of the conductivity minimum for

bilayer graphene was substantially weaker than

what is expected for the parabolic dispersion

relation (the amplitude of the conductivity min-

imum yields a similar conclusion). A slow T de-

pendence hints that the density of states at low

energy is suppressed, although it remains finite.

Such behavior has been predicted (5) for the

low-energy part of the bilayer spectrum, below

the saddle-point E* in the electron dispersion,

where the high-energy parabolic spectrum is re-

placed by four Dirac minicones (see inset to Fig.

2B); the value of E* is determined by the ampli-

tude of the next-nearest neighbor interlayer hop-

ping g3, and the number of pockets by the trigonal

symmetry of this parameter.

A change in the band structure topology, which

consists of a single-connected isoenergetic line

splitting into disconnected parts, is known as the

electron topological or Lifshitz transition (30).

In bilayer graphene, such a transition is expected

to occur at E* ~ 1 meV, yielding the temperature

dependence presented in Fig. 2A (green curve).

Although such theoretical prediction qualita-

tively captures the general trend (transition from

parabolic to linear temperature dependence), it

strongly underestimates the value of E*. It re-

quires E* on the order of 6 meV to fit our ex-

perimental data (Fig. 2A, red curve; see below

for the details of the model used).

To study the electron topological transition

in more detail and search for evidence of many-

body effects, we measured the transport prop-

erties of such high-quality bilayer samples in

an applied magnetic field. Our measurements

are summarized in Fig. 3, where the resistivity

is plotted as a function of magnetic field and gate

voltage. We observed nonmonotonic changes

in resistivity at filling factor n = 0 (Fig. 3B). The

sign of magnetoresistance changed twice: It was

positive at low (<0.1 T) and high (>0.3 T) mag-

netic fields and negative in the intermediate re-

gion. Generally, higher-quality samples exhibited

these features at lower fields. We interpret the

divergence of the resistance at high fields (B >

0.3 T) as the gap opening at n = 0, similar to that

observed previously (23, 31). The negative mag-

netoresistance at 0.1 T < B < 0.3 T has a resonant

character—a narrow cusp appears in resistance in

a narrow area of concentrations (T2 × 109 cm−2)

(Fig. 3C and figs. S2 and S3), an effect that we

cannot explain at present. Data for a device with

different mobility is shown in fig. S2.

We also observed that the cyclotron gaps at

filling factor n = T4 (the filling factor is deter-

mined from the carrier concentration n as n =

nh/eB) were much more robust than the gaps

at other filling factors and could be observed at

magnetic fields as low as 100 G [the other fill-

ing factors are observed only at B > 0.4 T even

for the highest-quality samples, which is con-

sistent with the results obtained by other groups

(31)]. Figure 4 summarizes our measurements

of the cyclotron gaps at various filling factors

(obtained from fitting of the temperature depen-

dence of oscillations presented in Fig. 3C with the

Lifshitz-Kosevich formula). The cyclotron gaps at

filling factors T8, T12, T16, T20, and T24 showed

a linear dependence on magnetic field (Fig. 4).

We extracted the corresponding cyclotron mass,

which appears to be m = (0.028 T 0.002)m0—

close to the previously reported value for nonsus-

pended samples (32). At the same time, the gap

for n = T4 rose quickly for 0 T < B < 0.02 T and

then stayed practically constant at EL ≈ 5.5 meV

for 0.02 T < B < 0.8 T, before increasing linearly

with a slope ~40% greater than that for other

filling factors.

The reported observation cannot be explained

within the framework of parabolic bands, which

predicts roughly equidistant Landau levels. It

also contradicts the more elaborative theory (5)

(beyond the nearest-neighbor hopping approx-

imation), which predicts four Dirac minicones

below the electron topological transition energy

in the vicinity of both K and K′ points. Similar

to graphene, each of such Dirac pockets would

result in a doubly degenerate Landau level, so the

total degeneracy of the zero Landau level is 16,

and the largest cyclotron gap should correspond

to filling factor T8, instead of T4 as observed in

our experiments.

To explain the observed eight-fold degen-

eracy of the lowest Landau level, we need to

assume that the rotational symmetry of the sys-

tem is lowered by, e.g., the nematic phase tran-

sition (9, 10), which results in the following

Hamiltonian for the low-energy electrons,

H ¼ �
1

2m

0 p†
� �2

p2 0

 !
þ

xv3
0 p

p† 0

 !
þ

0 u

u 0

 !

and reduces the number of low-energy Dirac

minicones from four to two near each of the

A B

C

Fig. 2. Temperature dependence of the width and
the amplitude of the conductivity minimum for
mono- and bilayer free-standing graphene sam-
ples. (A) Width of the conductivity minimum for
bilayer graphene (open circles and open squares,
experiments for two different samples; red line,
theory for bilayer graphene with low-energy spec-
trum reconstructed due to nematic phase transition;
green line, theory for bilayer with nonreconstructed
spectrum). Fitting parameters: for the reconstructed
spectrum (red line): m = 0.0280m0, v3 = 1.41 ×
105 m/s, u = −6.32 meV; for the nonreconstructed
spectrum (green line): m = 0.0280m0, v3 = 1.41 ×
105 m/s, u = 0. (Inset) Amplitude of the conductivity minimum of bilayer graphene (yellow crossed
circles, experiment; yellow solid line, a guide to the eye). Note the deviation from the straight line
below 10 K (marked by arrow). (B) The broadening of the conductivity minimum for bilayer samples
[circles, squares, and red and green lines are the same as in (A) and for monolayer graphene (blue line,
theory)]. (Insets) Left: Low-energy electronic spectrum as expected in the single-electron approximation;
right: bilayer graphene low-energy electronic spectrum, reconstructed due to nematic phase transition. (C)
The broadening of the conductivity minimum for monolayer graphene [blue and green triangles:
experimental points for two different samples; blue line: theory, same as in (B)]. (Inset) Low-energy
electronic spectrum for monolayer graphene.
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two K points (Fig. 4A). In the above Hamilto-

nian, x differentiates between the two valleys,

v3 is the velocity associated with the interlayer

skew hopping (5), and u is the order parameter

formed upon nematic phase transition. This tran-

sition is driven by Coulomb interaction between

electrons (the strength of which is partly re-

duced by screening), and it has been established

by the renormalization-group study of bilayer

parameters and the strength of the interaction

between all types of symmetry-breaking fluctu-

ation in the electronic liquid in bilayer graphene

(9, 10). We could fit our experimental results for

the cyclotron gaps rather accurately (Fig. 4, B

and C). The range of parameters that fit our

results was very narrow, and the same set of pa-

rameters fit our temperature broadening data

at zero magnetic field (Fig. 2, A and B).

Lowering of the symmetry can be expected,

either in the case of the spontaneous symmetry

breaking caused by many-body effects or in the

case of mechanical deformation of our devices,

either by uniaxial strain of the whole crystal (33)

or by interlayer shear shift (34) caused by their

preparation or handling history. However, the

latter scenario can be ruled out because the strain

required to explain the results observed in our

work could be estimated (33) to be on the order

of 1%, whereas the typical strain found in sim-

ilar devices (prepared and handled in the same

Fig. 4. (A) Low-energy electron spectrum for graphene bilayer,
reconstructed due to nematic phase transition. (B) Cyclotron
gaps for different filling factors. Symbols (experiment) and
curves (theory) of the same color correspond to the same filling
factor (fitting parameters: m = 0.0280m0, v3 = 1.41 × 105 m/s,
u = −6.32 meV). (C) The position of the Landau levels as a
function of magnetic field, recalculated from (B). Symbols (ex-
periment) and curves (theory) of the same color correspond to
the same filling factor as in (B).

A B

C

Fig. 3. Free-standing bilayer samples in magnetic field. (A) Resist-
ance of suspended bilayer graphene as a function of gate voltage
(recalculated to carrier concentration) for B = 0.01 T (green), B = 0.2
T (orange), and B = 0.26 T (dark yellow). (B) Resistance of suspended
bilayer graphene at n =0 as a function of magnetic field. (C) Same as
(A) for a greater span of the carrier concentration. (D) Contour map of
resistance of free-standing bilayer graphene device as a function of
carrier concentration and magnetic field. The resistance spans from
2.1 kilohm (blue) to 6 kilohm (red). The three vertical lines correspond
to the positions of the B = 0.01 T (green), B = 0.2 T (orange), and B =
0.26 T (dark yellow) in (A) and (C).

A B

C D

12 AUGUST 2011 VOL 333 SCIENCE www.sciencemag.org862

REPORTS

http://www.sciencemag.org


way) was measured (24) and was <0.1%. More-

over, in the case of externally induced strain, the

direction of mechanical deformations would be

related to the contact geometry, not to the crys-

tallographic orientation, and would vary from

sample to sample. Instead, we find the same fea-

ture in four different devices, which would re-

quire a rather narrow range of parameters (size

and orientation of the principal axes of strain

tensor) to be repeated precisely in different sam-

ples. We also have considered whether our re-

sults can be explained in terms of a spontaneous

gap opening in the bilayer spectrum (35). In this

case, the transport at the neutrality point (with

or without magnetic field) would be dominated

by a network of one-dimensional channels be-

tween the domains of gaps with alternating signs.

This would result in a minimum conductivity

value that depends strongly on the strain prehis-

tory, in contrast to values reproducibly observed

in our experiments. Also, this model would not

likely produce a drop in the resistance at n = 0,

as observed in our experiments. These differ-

ences suggest that the observed reconstruction

of the spectrum is the result of an intrinsic mod-

ification of the electronic system; in particu-

lar, it can be caused by the recently predicted

“nematic” phase transition (9, 10) in bilayer

graphene.
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A Synthetic Nickel Electrocatalyst
with a Turnover Frequency Above
100,000 s−1 for H2 Production
Monte L. Helm,1,2* Michael P. Stewart,1 R. Morris Bullock,1†
M. Rakowski DuBois,1 Daniel L. DuBois1†

Reduction of acids to molecular hydrogen as a means of storing energy is catalyzed by
platinum, but its low abundance and high cost are problematic. Precisely controlled delivery
of protons is critical in hydrogenase enzymes in nature that catalyze hydrogen (H2) production
using earth-abundant metals (iron and nickel). Here, we report that a synthetic nickel complex,
[Ni(PPh2N

Ph)2](BF4)2, (P
Ph

2N
Ph = 1,3,6-triphenyl-1-aza-3,6-diphosphacycloheptane), catalyzes

the production of H2 using protonated dimethylformamide as the proton source, with turnover
frequencies of 33,000 per second (s−1) in dry acetonitrile and 106,000 s−1 in the presence of
1.2 M of water, at a potential of –1.13 volt (versus the ferrocenium/ferrocene couple). The
mechanistic implications of these remarkably fast catalysts point to a key role of pendant
amines that function as proton relays.

E
lectrocatalysts that efficiently convert the

energy from electricity into chemical bonds

in fuels (such as hydrogen), or the re-

verse, converting chemical energy to electrical

energy, will play a vital role in future energy

storage and energy delivery systems. Hydrogen-

ase enzymes (1, 2) efficiently catalyze both the

production and the oxidation of hydrogen using

earth-abundant metals (nickel and iron). Detailed

information about catalytic reactions of enzymes

has been obtained from protein film voltammetry

(3), but enzymes are difficult to obtain in suf-

ficient amounts to adapt for commercial appli-

cations, and their stability is often limited outside

of their native environment (4). Platinum is an

excellent catalyst for hydrogen oxidation and pro-

duction, but the scarcity and high cost of precious

metals pose serious limitations to widespread

use. These considerations have led to efforts

to design molecular catalysts that employ earth-

abundant metals. Synthetic complexes of nickel

(5–8), cobalt (9–12), iron (13–15), or molybde-

num (16, 17) have been developed recently as

electrocatalysts for the production of hydrogen.

In nature, [FeFe] hydrogenase enzymes cat-

alyze the formation of H2 from water, with re-

ported rate constants as high as 9000 s−1 at 30°C

(18). Crystallographic and spectroscopic studies

have led to the proposal of the structure of the

active site of the [FeFe] hydrogenase enzyme

shown in structure 1 of Fig. 1 (1). The amine base

positioned near the iron center has been proposed

to function as a proton relay that facilitates the

formation or cleavage of the H-H bond. Sub-

stantial progress on the preparation of structural

mimics of the active site (13, 14, 19) provides

insight into mechanistic features of the catalytic

reaction. For example, Rauchfuss and co-workers

have recently demonstrated that a pendant amine

in a structural model closely related to 1 plays

a key role in the production of H2 (20). Efforts

in our laboratory have focused on developing

mononuclear complexes of Fe, Co, and Ni that

contain an amine base in the second coordina-

tion sphere, adjacent to a vacant coordination site

or a hydride ligand on the metal center (21–23).

Some of these complexes are very effective elec-

trocatalysts for H2 formation or H2 oxidation,
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and they provide functional models for the pro-
ton relay functions of the hydrogenase enzymes.
For example, a series of [Ni(PPh2N

C6H4X
2)2]

2+ cat-
alysts with structure 2 have been studied. Under
optimized conditions, [Ni(PPh2N

C6H4Br
2)2]

2+, with
bromophenyl substituents on the amine ligand,
catalyzed the formation of H2 with turnover fre-
quencies as high as 1040 s−1 and an overpoten-
tial of ~290 mV (7).

Mechanistic (5, 7) and theoretical (24) studies
of the [Ni(PR2N

R′

2)2]
2+ catalysts suggest that

the transition state for H2 production has struc-
ture 3 shown in Fig. 1, in which the formation
of the H-H bond occurs in a heterolytic man-
ner, with the pendant amine acting as a proton
donor and the nickel functioning as a hydride
donor. The formation of transition state 3 in-
volves the reduction of the starting complex 2

by two electrons and the addition of two protons.
Previous nuclear magnetic resonance spectroscop-
ic studies on reduction and protonation of closely
related analogs of 2 have shown that intermedi-
ates formed before transition state 3 are isomeric
Ni(0) complexes in which an amine in each lig-
and is protonated. The double protonation reac-
tion of Ni0(PPh2N

Bn
2)2 (where Bn is benzyl) forms

structure 4 as the kinetic product (Fig. 2) (25).
The kinetic product isomerizes to form an equi-
librium mixture of structures 4, 5, and 6 by an
intermolecular process that involves deprotonation
by a base in solution and reprotonation at an
endo position. This process is assisted by water.
Only isomer 6 can readily convert to transition
state 3 by a simple intramolecular proton trans-
fer from nitrogen to nickel, and therefore only
isomer 6 is active in the catalytic cycle. These
studies led us to propose that only a fraction
of the doubly protonated Ni(0) intermediates
formed during hydrogen production are in the
catalytically active form, isomer 6, and that sig-
nificantly higher catalytic rates might be achieved
if the stabilized exo-protonated structures could
be avoided. We also proposed that the observed
enhancement of turnover frequencies by water
is a result of its role in converting the exo-
protonated isomers 4 and 5 to the endo-endo
isomer 6 (7).

Here, we report the synthesis of [Ni(PPh2N
Ph)2]

(BF4)2, 7, which was isolated as orange crystals
in 75% yield from the reaction shown in Scheme 1
(26). The new complex contains two seven-
membered cyclic diphosphine ligands, PPh2N

Ph

(where PPh2N
Ph = 1,3,6-triphenyl-1-aza-3,6-

diphosphacycloheptane). Because this ligand has
just one pendant amine, it precludes the possi-
bility of forming nonproductive pinched iso-
mers analogous to 4 and 5 upon reduction and
protonation of 7. Although the reduced form
of 7 can be protonated either endo or exo with
respect to Ni, stabilization by a second N•••H
interaction in an exo-exo form (e.g., as in 4) is
not possible. The molecular structure of 7 de-
termined by x-ray diffraction (Fig. 3) is a dis-
torted square planar complex with all four Ni-P
bond distances nearly equal at 2.21 to 2.22 Å.

Complexation of both phosphorus atoms in each
PPh2N

Ph ligand in 7 forms one five-membered
chelate ring and a six-membered ring that in-
corporates the pendant amine. In contrast, both
of the eight-membered cyclic ligands in 2 form
two six-membered chelate rings upon binding to
the metal. As a result, the P-Ni-P bond angle
(79.83°) for each of the two diphosphine ligands
in 7 is smaller than the 82° to 84° typically ob-
served for the P-Ni-P bonds in derivatives of 2
(5, 7). This smaller bite angle leads to a de-
crease in the steric interactions between the
phenyl substituents on adjacent phosphorus
atoms of the two ligands in 7. As a result, 7
is much more planar than the corresponding
derivatives of 2. For [Ni(PPh2N

C6H4Me
2)2]

2+, the
dihedral angle between the two planes defined
by the Ni atom and the two phosphorus at-
oms of each diphosphine ligand is 24.16°
(7), whereas for 7, it is 0.0°. Thus, the re-
placement of two eight-membered cyclic lig-
ands with two seven-membered cyclic ligands
in these nickel complexes has significant struc-
tural consequences.

The cyclic voltammogram of an acetonitrile
solution of [Ni(PPh2N

Ph)2]
2+, 7, shows one re-

versible reduction wave assigned to overlap-
ping Ni(II/I)/Ni(I/0) couples at –1.13 V versus
the ferrocenium/ferrocene couple (simulated as
two one-electron waves at –1.09 and –1.16 V).
(See Supporting Online Material for a cyclic
voltammogram of 7, fig. S3, and a detailed anal-
ysis.) Figure 4 shows successive cyclic vol-
tammograms of 7 recorded in acetonitrile with
increasing concentrations of protonated dimeth-
ylformamide {[(DMF)H]OTf, pKa = 6.1 in ace-
tonitrile} (27). A catalytic wave for the reduction
of protons is observed with a half-wave potential
of –1.13 V in the presence of 0.20 M acid,

corresponding to an overpotential of ~625 mV
determined using the method of Evans (28).
The catalytic production of H2 was confirmed
by a gas chromatographic analysis of the gas
produced during a controlled potential elec-
trolysis experiment (–1.4 V, current efficiency
99 T 5% for H2 production, 11 turnovers with
no observable decomposition). At high acid
concentrations relative to the catalyst, Eq. 1 can
be used to calculate pseudo first-order rate
constants, kobs, for H2 evolution.

icat

ip
¼

2

0:446

ffiffiffiffiffiffiffiffiffiffiffiffiffi
RTkobs

Fu

r
ð1Þ

In this equation, icat is the catalytic current, ip
is the peak current measured in the absence of
acid, 2 is the number of electrons involved in
the catalytic reaction, kobs is the observed first-
order rate constant, R is the universal gas con-
stant, T is the temperature in Kelvin, F is Faraday’s
constant, u is the scan rate, and 0.446 is a con-
stant determined by numerical solution of the
diffusion equations (29). The value of kobs in-
creases linearly with acid concentration (fig. S9),
indicating a first-order dependence of the cat-
alytic rate on acid concentration. At the high-
est acid concentration studied (0.43 M), a value
of icat/ip = 38 was measured, corresponding to a
turnover frequency of 33,000 s−1 at 22°C.

At 0.43 M [(DMF)H]OTf, cyclic voltammet-
ry and ultraviolet-visible absorption spectra in-
dicated that less than 5% decomposition of the
catalyst occurred over the 0.5 hours required
for the catalytic studies. However, higher acid
concentrations could not be used to determine
reliable turnover frequencies because of catalyst
decomposition under more strongly acidic con-
ditions. The catalyst is stable in the presence of
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Fig. 1. Proposed structure of the [FeFe] hydrogenase active site (1) based on crystallographic data
(1); synthetic Ni complex (2) that catalyzes H2 formation, with pendant amines that function as
proton relays (7); proposed transition state (24) (3) for production of hydrogen catalyzed by 2.
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H2O, and the addition of H2O (1.2 M) to the mix-

ture results in a further enhancement of the cat-

alytic current beyond the maximum icat achieved

with acid alone, resulting in a value of icat/ip =

74, corresponding to a turnover frequency of

106,000 s−1. Simulations of the voltammograms

obtained under catalytic conditions are in agree-

ment with the experimentally measured icat/ip =

74 (fig. S10 and table S3). The additional rate

enhancement in the presence of water is attri-

buted to the ability of water to enhance the rate

of conversion of exo to endo isomers.

The turnover frequencies measured for 7 sub-

stantially exceed the highest turnover frequen-

cy reported for the formation of H2 catalyzed

by the [FeFe] hydrogenase enzyme, 9000 s−1

at 30°C (18). This comparison, however, must

be tempered by the recognition that the over-

potential of the natural hydrogenase is thought

to be less than 100 mV, significantly lower than

the overpotential for 7. The exceptionally high

turnover frequency observed for 7 is about two

orders of magnitude larger than that observed

for 2 under comparable conditions (590 s−1 with

an overpotential of 300 mV, increasing to 720 s−1

when water is added) (7). Most important, our re-

sults clearly indicate that properly designed pen-

dant amine bases in the second coordination sphere

that function as proton relays are capable of pro-

moting extremely fast H-H bond formation and

proton transfer from solution to the metal center.

The observed first-order dependence on acid

is consistent with a one- or two-electron reduc-

tion of 7, followed by rate-determining proton-

ation of the reduced complex. In contrast, 2

exhibits catalytic rates that are second-order in

acid at concentrations below ~0.1 M and inde-

pendent of acid above ~0.2 M concentrations

(7). Although the overall catalytic mechanisms

for 2 and 7 are likely quite similar, changing the

rate-determining step has significant effects on

the observed catalytic rates. For derivatives of 2,

the overall catalytic rate is predominantly con-

trolled by two factors, the formation of endo-

endo isomers such as 6 and H2 elimination via

transition state 3. For 7, the endo-protonation

of a reduced intermediate is the rate-determining

event. This implies that the rate of H2 elimina-

tion via transition state 3 must be faster for 7

than for 2. This is likely the result of a more

hydridic Ni-H bond for 7, which has been shown

to correlate with more negative Ni(II/I) reduc-

tion potentials in these [Ni(diphosphine)2]
2+ com-

plexes (30). The more negative Ni(II/I) potential

for 7 (–1.13 V) compared with that of 2 (–0.84 V)

is expected on the basis of their structural dif-

ferences (greater planarity of 7), and this mod-

ification contributes to the significantly larger

overpotential for H2 production observed for 7.

In conclusion, the observation of an extreme-

ly high turnover frequency for 7 clearly demon-

strates that its positioned proton relays support

high rates for all of the individual catalytic steps,

that is, inter- and intramolecular proton transfer,

electron transfer (or proton-coupled electron trans-

fer steps), and heterolytic formation of H2. These

results highlight the substantial promise that de-

signed molecular catalysts hold for the electrocat-

alytic production of hydrogen. The high sensitivity

of catalytic rates to the incorporation and ar-

rangement of pendant amines in the ligand sug-

gests a potentially broader role that proton relays

may play in other important multi-proton, multi-

electron catalytic reactions, such as the reduction

of oxygen and oxidation of water.

P

P

P

N

Ph

Ph

2 + [Ni(CH3CN)6](BF4)2 Ni
P

P

P

Ph

Ph
N

Ph

Ph
N

2+

(BF4)2

Ph

Ph

Ph

7

Scheme 1.

Fig. 3. Solid-state molecular structure of
[Ni(PPh2N

Ph)2](BF4)2∙2CH3CN, 7. The BF4
–

counterions, CH3CN solvent molecules,
and H atoms have been omitted for clar-
ity. Thermal ellipsoids are shown at the
50% probability level.

Fig. 4. Successive cyclic voltammograms of 1.0 mM 7 in CH3CN (0.10 M [Bu4N][PF6]) at increasing
concentrations of [(DMF)H]OTf, followed by addition of small aliquots of H2O. Conditions: 1 mm
glassy-carbon working electrode; 22°C; scan rate 10 V/s.
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The Persistently Variable
“Background” Stratospheric Aerosol
Layer and Global Climate Change
S. Solomon,1,2* J. S. Daniel,1 R. R. Neely III,1,2,5,6 J.-P. Vernier,3,4 E. G. Dutton,5 L. W. Thomason3

Recent measurements demonstrate that the “background” stratospheric aerosol layer is

persistently variable rather than constant, even in the absence of major volcanic eruptions.

Several independent data sets show that stratospheric aerosols have increased in abundance

since 2000. Near-global satellite aerosol data imply a negative radiative forcing due to

stratospheric aerosol changes over this period of about –0.1 watt per square meter, reducing

the recent global warming that would otherwise have occurred. Observations from earlier

periods are limited but suggest an additional negative radiative forcing of about –0.1 watt

per square meter from 1960 to 1990. Climate model projections neglecting these changes

would continue to overestimate the radiative forcing and global warming in coming decades if

these aerosols remain present at current values or increase.

U
nderstanding climate changes on time

scales of years, decades, centuries, or

more requires determining the effects

of all external drivers of radiative forcing of Earth’s

climate, including anthropogenic greenhouse gases

and aerosols, natural aerosols, and solar forcing,

as well as natural internal variability. Much de-

bate has focused on whether the rate of global

warming of the past decade or so is consistent

with global climate model estimates (1), requir-

ing careful examination of all radiative forcing

terms. Most of the global warming of the past

half-century has been driven by continuing in-

creases in anthropogenic greenhouse gases (2),

but natural aerosols from particular “colossal”

volcanic eruptions [see the index of volcanic

activity definitions in (3)] have significantly cooled

the global climate at times, including, for exam-

ple, the “year without a summer” experienced

after the eruption of the Tambora volcano in

1815 and notable cooling after the Pinatubo erup-

tion in 1991 (4, 5). As used here, “colossal” or

“major” refers to specific volcanic eruptions that

have been generally recognized not only as ex-

tremely large but also as having injected a great

deal of gaseous sulfur directly into the tropical

stratosphere. Tropical eruptions are thought to be

especially important for climate change because

the injected material can be transported into the

stratospheres of both hemispheres and affect the

entire globe for many months.

The cooling effect of volcanic eruptions mainly

arises not from the injected ash but from SO2

injected by plumes that are able to reach beyond

the tropical tropopause into the stratosphere,

whereupon the SO2 oxidizes and temporarily

increases the burden of stratospheric particles.

Stratospheric aerosols are composed largely of

dilute sulfuric acid droplets that effectively re-

flect some incoming solar energy back to space.

The radiative cooling due to increases in these

particles is linked to the associated optical depth

increases. Observations show that the volcanic

particles from the colossal eruptions of El Chichón

and Pinatubo in 1982 and 1991, respectively, de-

cayed from the stratosphere with e-folding times

(the time interval in which an exponentially

decaying quantity decreases by a factor of e) of

about a year (5).

Early measurements of the stratospheric aero-

sol layer around 1960 by Junge et al. (6) were

carried out at a time when no colossal eruptions

had occurred in many years. These data are

subject to large instrumental uncertainty, but

suggested an apparent “background” stratospher-

ic aerosol layer, with aerosol burdens too small

to measurably influence the global climate

system. Crutzen (7) proposed that the dominant

source of the background stratospheric aerosol

layer was carbonyl sulfide (OCS), because other

sulfur sources were thought to be too reactive or

too soluble in rainwater to reach the stratosphere

in significant amounts. But observations of the

amount of background stratospheric aerosol

since at least the 1970s using improved instru-

mentation reveal abundances that are far too

large to be due mainly to OCS (8). Some studies

have suggested that an important source of the

background stratospheric aerosol layer may be

anthropogenic sulfur (SO2 from coal burning,

biomass burning, etc.) that can be transported
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from the troposphere to the stratosphere in some

locations (9, 10). One study (11) estimated that

the radiative forcing of the background strato-

spheric aerosol layer since 1750 would be about

–0.05 W/m2 if dominated by human-made SO2

emissions during the industrial era, which is

clearly far smaller than tropospheric aerosol

and carbon dioxide forcing (about –1 W/m2

and +1.9 W/m2, respectively). Although radia-

tive forcing on longer time scales is determined

by well-known factors, here we present one ex-

ample of a much wider variety of forcings that

can be important on decadal time scales.

High-quality ongoing measurements of strato-

spheric aerosols using lidar instruments or bal-

loons have been carried out at a limited number

of sites around the world, and records extend

back to the 1970s in some locations. The input

and decay of material from major volcanic erup-

tions are readily observed, but changes in the

underlying background have also been noted.

Hofmann and co-workers (12–14) argued that

the background stratospheric aerosol layer in-

creased by 5 to 9%/year through the 1960s,

1970s, and 1980s, and again at about 5 to 7% in

the 2000s. However, in the 1990s stratospher-

ic aerosols decreased by similar magnitudes.

Other authors (15) recently noted the likely im-

portance of volcanoes, suggesting that changes

in the background were variable and that trends

were sensitive to the time interval considered.

Our focus here is on how any such changes would

affect climate change.

Satellite instruments provide evidence that

smaller volcanic eruptions can play a more im-

portant role in affecting the background strato-

spheric aerosol burden than has often been thought

(16, 17). Figure 1 shows the first 4 years of

aerosol load in the lower stratosphere (17 to 21

km) from the Cloud-Aerosol Lidar and Infrared

Pathfinder Satellite Observations (CALIPSO)

lidar measurements since the beginning of its

mission in June 2006 [after (15), see also fig.

S1]. These data indicate that emissions from

two relatively minor tropical eruptions reached

the stratosphere in significant amounts, in par-

ticular those from Soufrière Hills and Tavurvur

(Fig. 1 and fig. S1). There is also some con-

tribution to the global aerosol optical depth in-

crease from summer-season mid- to high-latitude

eruptions that spread across much of the globe

(16, 18, 19), but these may have a smaller effect

on global climate change than lower-latitude

eruptions (19). Figure 1 suggests that it may be

difficult if not impossible to define a background

that is not affected to some degree by volcanic

inputs over the past decade. The lack of major

eruptions since 1991 has made the identification

of this input much clearer than in earlier mea-

surements, but the data do not rule out some con-

tribution to the increases in the stratospheric

aerosol burden from anthropogenic sources [such

as coal burning, see (14) as well].

Additional evidence for changes in the abun-

dance of background stratospheric aerosol is

provided by recent lidar and other ground-based

measurements from Mauna Loa, a particularly

important site located in a remote location at

high elevation where tropospheric aerosol bur-

dens are often relatively small. Multiple in-

struments have been used at Mauna Loa for

estimating or measuring total aerosol optical

depth and atmospheric transmission. Here we

present observations taken there on the cleanest

days, when much of the aerosol burden prob-

ably resides in the stratosphere. Figure 2 shows

three independent data records that all indicate

increases in aerosol optical depth (or, equiv-

alently, decreases in transmission) at Mauna

Loa from the late 1990s to the late 2000s: from

ground-based transmission data using the

pyrheliometer ratioing methodology (20, 21),

a Precision Filter Radiometer [1999 to date

(22)], and a stratospheric lidar instrument (14).

Figure 2 compares these data to the mean trop-

ical and global stratospheric aerosol optical

depths from combined satellite observations by

the Stratospheric Aerosol and Gas Experiment

(SAGE) II (1990–2005), Global Ozone Moni-

toring by Occultation of Stars (GOMOS, 2002–

2009), and the CALIPSO lidar (2006–2010),

see (16, 17, 23–25); the overlapping periods

of the different satellite instruments allow ac-

curate quantification of the trends over time

(17). The four independent data sets from sat-

ellite, lidar, total transmission, and aerosol op-

tical depth as shown in Fig. 2 jointly support

the view that the background stratospheric aero-

sol layer has changed significantly over about

the past decade [see (25)].

The satellite observations displayed in the

bottom panel of Fig. 2 show increases in strato-

spheric aerosols from 2000 to 2010 of about 7%

per year, which implies a change in global

radiative forcing (Fig. 3) of about –0.1 W/m2

[see (25) for information on optical parameters

used]. As a point of comparison, over the dec-

ade since 2000, CO2 increased by about 0.5%

per year (2), leading to a change in radiative

forcing of about +0.28 W/m2. Thus, the rapid

rates of observed change of stratospheric aerosol

imply decadal changes in radiative forcing that

are significant as compared to those of the much

larger but more slowly varying abundance of

CO2 since 2000.

Figure 3 presents a time series of radiative

forcing estimated from near-global satellite (50°N

to 50°S) stratospheric aerosol optical depth data

and the apparent transmission of the cleanest

days each year at Mauna Loa. It should be em-

phasized that the pioneering volcanic aerosol

forcing data set provided by NASA Goddard

Institute for Space Studies (GISS) (26) that is

used in many global climate modeling simu-

lations does include significant optical depths in

several background periods prior to the late

1990s, in good agreement with the data shown

in Fig. 3. However, Fig. 3 also demonstrates that

the radiative forcing derived from the recent

stratospheric aerosol data shows important dif-

ferences from two stratospheric aerosol forcing

data sets often used in climate modeling studies

(26, 27) around 2000, when both adopt near-

zero values, which is much lower than the ob-

servations presented in Fig. 2. Thus, there would

be an important missing cooling term for the

past decade in climate models if they assume

near-zero stratospheric aerosols at and after 2000.

We next used the Bern 2.5cc intermediate

complexity climate model [(28) and references

therein] to probe how recent and possible sim-

Fig. 1. Evolution of the zonal mean scattering ratio at 532 nm between 17 and 21 km from the
CALIPSO lidar measurements since June 2006. Plumes with scattering ratios greater than 1.15 that are
observed in the tropics and at mid-latitudes are linked to the indicated volcanic eruptions; after (16).
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Fig. 2. Apparent transmission observed at Mauna Loa (top). Monthly values
are determined from the highest transmission observed in each month that
contained at least 10 observations. The annual values represent the mean of
the 10 most transparent days of each year. Aerosol optical depths for Mauna
Loa stratospheric lidar (middle) and ground-based optical depth data (for the
10 cleanest days from the Precision Filter Radiometer, see text) are also shown,

along with tropical satellite data. The annual apparent transmission values are
also plotted in the middle panel for comparison (+). (Bottom) Comparison of
the global optical depths used in many climate modeling studies [(26) and see
http://data.giss.nasa.gov/modelforce/strataer/ (27)] to the measured values for
50°N to 50°S from satellite data discussed in the text. The satellite data are
integrated from 15 to 40 km and are screened to remove clouds; see (25).

Fig. 3. Radiative forcing from stratospheric aerosols
(scale at left). The forcings that have been used in many
climate modeling studies are represented by the dotted
black (26) and dotted green curves (27), whereas that
derived here from satellite observations is shown in the
solid blue curve (17, 25); + symbols represent the Mauna
Loa apparent transmission observations as in Fig. 2
(scale at right). The dash-dotted green line represents
our estimate of the radiative forcing changes of the
evolving background stratospheric aerosol implied by
the Mauna Loa transmission data to the late 1990s.
Three future test cases are also shown (dashed purple
lines), in which aerosol forcing is held constant from
2010 to 2020, continues to increase in magnitude at
5%/year, or decays back to the assumed 1960 level
with a 3-year time constant.
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ilar future changes in the optical depth of strato-

spheric aerosol could affect global climate change.

The tropical and global satellite data together

with the suite of different Mauna Loa observa-

tions suggest a decrease in global radiative forc-

ing (Fig. 3) over the past decade. The model has

been extensively compared to other Earth sys-

tem models of intermediate complexity as well

as to Atmosphere-Ocean General Circulation

Models [AOGCMs, see (28)]. The transient

climate response (TCR) of the model employed

here is slightly less than the mean of models

assessed by the Intergovernmental Panel on

Climate Change (2); the “very likely” range of

TCR across climate models suggests that the

absolute effects of the stratospheric aerosol

changes on climate considered below could be

greater by about 80% or smaller by about 40%.

However, the relative climate change impact of

stratospheric aerosols over a decade as compared

to other forcings, such as that of CO2, is not

affected by the model TCR. Although it is sim-

plified compared to AOGCMs, the Bern model

can be used to examine very small forced global

temperature changes that could be difficult to

quantify in AOGCMs against the computed noise

of internal variability.

A radiative forcing time series of well-mixed

greenhouse gases and tropospheric aerosols (25)

was used to provide a baseline model scenario

against which test cases, including different strato-

spheric aerosol radiative forcing changes for the

past and future, were compared. Figure 4 shows

that the observed increase in stratospheric

aerosol since the late 1990s caused a global

cooling of about –0.07°C as compared with a

case in which near-zero radiative forcing is

assumed after year 2000, as in the forcing data

sets often used in global climate models. Figure

4 shows that stratospheric aerosol changes have

caused recent warming rates to be slower than

they otherwise would have been. Although sub-

ject to much more instrumental uncertainty, Fig.

4 also suggests that the underlying increase in

the background aerosols from the very low val-

ues indicated by observations around 1960 to

the higher levels observed around 2000 prob-

ably reduced the global warming that would

otherwise have occurred between 1960 and 2000

by about –0.05°C. Such changes in integrated

radiative forcing also affect calculated thermal

sea-level rise rates (29). For the decade from

2000 to 2010, the observed stratospheric aerosol

radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than

obtained when a background near zero is as-

sumed as in (26), about 0.16 cm versus 0.186

cm; the data presented in Fig. 3 provide a basis

for further study of these effects since 1960. In

summary, although the values of radiative forc-

ing due to the changing stratospheric aerosol

amounts are small as compared to, for example,

colossal eruptions or tropospheric pollution aero-

sol, they nevertheless can provide a significant

contribution to the forcing changes that drive

climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are

unknown because the frequency and intensity of

minor volcanic eruptions may be greater or less

than in the past decade (Fig. 1), and future trends

in anthropogenic SO2 emissions as well as their

ability to contribute to the stratospheric aerosol

layer remain uncertain. Figure 4 shows several

test cases probing a range of plausible changes

that could occur in the coming decade to 2020.

The figure demonstrates that climate model sce-

narios that neglect the changes in background

stratospheric aerosols relative to the year 2000

should be expected to continue to overestimate

radiative forcing changes and the related global

warming in the coming decade if the stratospher-

ic aerosol burden were to remain constant at cur-

rent values or continue to increase. On the other

hand, if stratospheric aerosols were to decay

back to their 1960 levels within the next decade,

then the rate of warming would be faster, and

the global average temperature is estimated to be

0.06°C greater by 2020. It should be emphasized

that additional contributions to global climate

variations of the past and future decades such

as from solar variations, natural variability, or

other processes are not ruled out by this study.

With the availability of improved satellite,

lidar, and ground-based data, the past decade

has provided an opportunity to document the im-

portance of changes in background stratospheric

aerosols in the absence of major volcanic erup-

tions. The changes in the stratospheric aerosol

layer have probably affected the observed rates

of decadal warming over the past decade, high-

lighting the importance of the variable strato-

spheric aerosol layer for past and future decadal

climate predictability.
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line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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Viviparity and K-Selected Life
History in a Mesozoic Marine
Plesiosaur (Reptilia, Sauropterygia)
F. R. O’Keefe1* and L. M. Chiappe2

Viviparity is known in several clades of Mesozoic aquatic reptiles, but evidence for it is lacking

in the Plesiosauria. Here, we report a Late Cretaceous plesiosaur fossil consisting of a fetus

preserved within an adult of the same taxon. We interpret this occurrence as a gravid female

and unborn young and hence as definitive evidence for plesiosaur viviparity. Quantitative analysis

indicates that plesiosaurs gave birth to large, probably single progeny. The combination of

viviparity, large offspring size, and small brood number differs markedly from the pattern seen

in other marine reptiles but does resemble the K-selected strategy of all extant marine mammals

and a few extant lizards. Plesiosaurs may have shared other life history traits with these clades,

such as sociality and maternal care.

V
iviparity, or birthing live young, is com-

mon among reptiles, having evolved

over 80 times among extant clades (1).

Live birth has also been documented in several

groups of Mesozoic aquatic reptiles, including

ichthyosaurs (2), mosasauroids (3), choristoderans

(4), and nothosaur-grade sauropterygians (5).

However, to date no evidence exists for viviparity

in the sauropterygian clade Plesiosauria, despite

an excellent fossil record and a collection his-

tory spanning almost 200 years. This lack of

evidence for viviparity is enigmatic given that

plesiosaurs were large animals whose bodies

lacked a firm connection between the appendic-

ular and axial skeleton, a condition impeding the

terrestrial nesting required in an oviparous am-

niote (5–7). Viviparity was documented recent-

ly in basal, amphibious eosauropterygian clades

(5), even though these clades have shorter and

less intense collecting histories. However, the sin-

gle published claim of plesiosaur embryonic ma-

terial (8) was shown to be misinterpreted shrimp

burrows (9), and until now no pregnant plesiosaur

fossil has been reported. In this paper, we present

fossil evidence of a gravid plesiosaur; furthermore,

analysis of the fetus demonstrates that plesiosaurs

exhibited a reproductive pattern unique among

marine reptiles.

LACM 129639 (Natural History Museum of

Los Angeles County) was discovered in 1987 by

Charles Bonner on the Bonner Ranch in Logan

County (Kansas, USA) at the base of the Pierre

Shale [Sharon Springs Member, Campanian (10)].

The fossil consists of the largely articulated skel-

etal remains of two plesiosaur individuals, an

adult and a juvenile displaying features at very

early stages of development (Fig. 1). The adult

is a large, short-necked plesiosaur referable to

Polycotylus latippinus Cope, complete save for

the head and anterior 16 cervical vertebrae. Mea-

surement of the adult vertebral column allows a

confident length estimate of 470 cm (11). The

juvenile consists of a mass of poorly ossified

and largely disarticulated bones spilled from the

body cavity of the adult, intermingled with pha-

langes of the adult right fore-paddle (Fig. 2).

Some ambiguity exists concerning the orig-

inal orientation of the fossil because no quarry

map was kept of the excavation. However, a

confident reassembly was possible on the basis

of the position of elements within each jacket,

with subsequent evaluation and validation by

the original excavator, Charles Bonner (Fig. 1)

(11). Of the 12 jackets, three contain a mixture

of adult and juvenile elements (Fig. 2). The ele-

ments of the juvenile pelvis are near life po-

sition, and the juvenile right pubis and left

ischium are adhered to the visceral (internal) sur-

face of the adult right coracoid by gypsum and

matrix. The presence of phalanges from the right

forelimb in the two jackets containing the ba-

lance of the juvenile material indicates that their

original position was in the vicinity of the right

forelimb. The position of this limb relative to

the thorax was established on the basis of the

location of the pectoral girdle and an associated

paddle bone in the thorax jacket. The rest of the

mount was laid out in approximate articulation,

and the resulting mount was certified as accurate

by the original excavator (11).

Multiple lines of evidence indicate that the

juvenile specimen is an in situ fetus. First, the

partially articulated fetal pelvis adhered to

the visceral surface of the right adult coracoid

establishes that the juvenile was both articulated

and within the adult body cavity at the time of

deposition, before burial (Fig. 2). Second, both

specimens are referable to the same species, P.

latippinus, on the basis of their possession of that

taxon’s distinctive humerus. This humerus has a

shaft that is narrow and strongly curved relative

to other plesiosaurs and also possesses four

discrete facets on its distal edge for articulation

with the radius, ulna, and two additional ossifi-

cations (11–13). Third, the juvenile skeleton is

poorly ossified and displays numerous embryonic
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features, and its overall state of development is

comparable to known prepartum eosauropterygian

embryos (14). Fourth, the juvenile shows no in-

dication of having been consumed by the adult:

There is no maceration of cartilaginous surfaces

by stomach acid as seen in other consumed

plesiosaurs (10, 15), and no gastroliths (stomach

stones) or other evidence of a gastric mass (16).

The above taphonomic, taxonomic, and onto-

genetic evidence establishes that the adult was a

gravid female containing a fetus.

The fetal skeleton belongs to a single in-

dividual considering the lack of duplicate ele-

ments, the presence of paired elements of equal

size, and the partial articulation of the pelvis. The

fetal remains comprise a skull fragment; 20

vertebral centra, many with associated but un-

fused neural arches; numerous ribs and gastralia

(belly ribs); both pubes and ischia; one ilium;

both scapulae; both humeri, one with associ-

ated paddle bones; and the left femur (Fig. 2).

Fig. 1. (A) Photograph and (B) interpretive drawing of LACM 129639, as
mounted. Adult elements are light brown, embryonic material is dark brown,
and reconstructed bones are white. lc indicates left coracoid; lf, left femur;

lh, left humerus; li, left ischium; lp, left pubis; rc, right coracoid; rf, right
femur; rh, right humerus; ri, right ischium; and rp, right pubis. [Photo credit:
R. Cripps]
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All vertebral centra have deep notochordal pits,

and perichondral ossification is restricted to a

ring encircling the center third of each centrum.

Identifiable vertebral centra are all thoracic ex-

cept for one cervical, as expected of a reptilian

embryo in which thoracic and posterior cervical

centra ossify earlier than other vertebrae (17).

The neural arches are very immature, consist-

ing of unfused bilateral arch elements with open

neurocentral sutures, rudimentary zygapophyses,

and a complete lack of ossified neural spines.

Lack of midline fusion of the neural arch is

characteristic of eosauropterygian embryos [e.g.,

Lariosaurus (14) and Keichousaurus (18)]. The

belly ribs are well developed, also in concor-

dance with the precocial ossification of these in

eosauropterygians (18, 19). Both humeri are

short, with poorly ossified proximal ends but

wide distal ends. These and the femur are small

relative to the rest of the body (11), a condition

consistent with the small humerus and femur

proportions in prenatal eosauropterygian em-

bryos [e.g., Lariosaurus (17), Neusticosaurus

(19), and Keichosaurus (20)]. The skull frag-

ment, consisting of a rounded and poorly de-

fined left quadrate encased in a thin sheet of

squamosal, demonstrates that the skull was pro-

portionally large. It was poorly ossified, however,

and meaningful quantitative measurements are

impossible.

The fetus is notably large given its onto-

genetic stage. By considering axial-propodial

proportions and their known scaling relationships

in eosauropterygian embryos (11), we estimate

that the fetus was at most two-thirds mature. By

using the preserved vertebral centra, which

generally scale isometrically with postnatal body

size (21), we calculate a conservative minimum

body length estimate of 1.5 m at time of death

(11) (32% of the 470-cm maternal length). Length

at full term would have been significantly lon-

ger, given the poor ossification of the fetal

skeleton. A minimum estimate of fetus length at

birth is 35% of maternal length, with an upper

bound at the 50% estimated length of a young

juvenile of the short-necked plesiosaur Lepto-

cleidus (22) (Fig. 3).

A tabulation of hatchling length relative to

maternal length in eosauropterygians, mosasau-

roids, choristoderans, and ichthyosaurs (Table 1)

shows that parturition length in these clades

Fig. 2. Maps of the LACM 129639
jackets containing fetal material,
depicted before mounting. Fetal
bones are dark brown; adult bones
are light brown. c, centra; f, femur;
g, gastralia; lh, left humerus; li, left
ischium; lp, left pubis; rep, right
epipodial; rh, right humerus; ri,
right ischium; rp, right pubis; rs,
right scapula; and v, vertebrae.

Fig. 3. Reconstructions of female P. latippinus and newborn young. Gastralia were present in both animals but have been omitted for clarity.
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generally conforms to lengths predicted from

empirical analyses of maternal-neonate scaling

in extant reptiles derived by Andrews (23) and

is always less than 30%. This pattern indicates

an r-selected reproductive pattern in which fe-

males gave birth to several relatively small young,

as documented in a number of gravid fossils

from these clades (2–5). Calculation of the liz-

ard regression equation of Andrews (23) for

an adult length of 470 cm in LACM 129639

yields a predicted neonatal length of 103 cm,

or 22% of maternal length, for Polycotylus. This

length is 10% shorter than the minimum LACM

129639 fetal length at time of death and 15%

shorter than the estimated length at full term.

A 15% increase in neonate length embodies

an ~50% increase in mass; therefore Poly-

cotylus young at birth were at least one and a

half times as massive as those in other, more

typical terrestrial and marine reptile clades. The

presence of a large, single fetus in LACM

129639 therefore documents a K-selected repro-

ductive strategy unique among marine reptiles.

The closest extant ecological analogs to short-

neck plesiosaurs such as Polycotylus are odon-

tocete cetaceans. Despite radically different

locomotor adaptations, both clades are second-

arily aquatic tetrapods with similar body size

ranges and feeding morphologies. A survey of

odontocetes with body lengths comparable to that

of Polycotylus shows they are also K-selected,

giving birth to large, single progeny (24) (Table

1). Odontocetes are highly social and engage in

maternal care, and one may argue that plesio-

saurs displayed similar behaviors on the basis

of ecological and reproductive similarity. How-

ever, this comparison is complicated because

all whales, and all marine mammals, invaria-

bly give birth to single, large, and precocious

young (25). A K-selected reproductive strategy

may be an adaptive constraint operating on all

marine mammals (26) that apparently did not

apply to marine reptiles (Table 1), except for

plesiosaurs.

Among modern reptiles, the plesiosaur-like

trait combination of viviparity, small brood size,

and large birth size is rare, but it does occur in

the scincid Egernia species group. The mem-

bers of this clade with the largest parturition

sizes also exhibit mammal-like social behaviors,

including stable, kin-related group structures

and parental care (27–29) (Table 1). Although

this example is from a terrestrial clade, it dem-

onstrates another instance where K-selected re-

production is associated with social behavior

and maternal care. This example is pertinent be-

cause it involves squamate reptiles, which are

arguably the closest living relatives of plesio-

saurs (30). Post-hatching parental care is also

rare in squamates generally (31).

Because both cetaceans and Egernia-group

lizards are highly social and engage in substan-

tial maternal care, plesiosaurs may have behaved

similarly. We hypothesize that large plesiosaur

fetus size may indicate that plesiosaurs lived in

gregarious social groups and engaged in pa-

rental care. More evidence is needed to test this

hypothesis; however, it is certain that plesiosaur

life history differed markedly from that of other

Mesozoic marine reptiles and resembled that

of highly social marine mammals and scincid

lizards.
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Table 1. Brood size and parturition length, stated as percentage of maternal length, for viviparous
amniote taxa. Length is body length or snout vent length, depending on the study. Asterisks indicate
extinct clades of Mesozoic marine reptiles. Cetacean taxa are extant marine mammals, and Egernia
species are extant terrestrial skinks.

Taxon
Size at parturition

(% maternal length)
Brood size

Ichthyosauria*

Stenopterygius quadriscissus (2) 23% Multiple

Mosasauroidea*

Carsosaurus marchesetti (3) 15% Multiple

Choristodera*

Hyphalosaurus baitaigouensis (4) <20% Multiple

Sauropterygia*

Lariosaurus valceresii (17) 26% Multiple

Neusticosaurus peyeri (19) 29% Multiple

Keichousaurus hui (18) 27% Multiple

Polycotylus latippinus (LACM 129639) >40% 1 (?)

Cetacea

Pseudorca crassidens (24) 40% 1

Orcinus orca (24) 35% (Antarctic 44%) 1

Globicephala melaena (24) 35% (NW Atlantic 41%) 1

Globicephala macrorhynchus (24) 32% (Indian 36%) 1

Scincidae (Egernia group)

Egernia stokesii (27) 46% 1–8

Tiliqua rugosa (28) >50% 1–2

Corucia zebrata (29) 56% 1
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Nest Inheritance Is the Missing
Source of Direct Fitness in a
Primitively Eusocial Insect
Ellouise Leadbeater,1*† JonathanM. Carruthers,1,2 Jonathan P. Green,1Neil S. Rosser,3 Jeremy Field1

Animals that cooperate with nonrelatives represent a challenge to inclusive fitness theory,
unless cooperative behavior is shown to provide direct fitness benefits. Inheritance of breeding
resources could provide such benefits, but this route to cooperation has been little investigated
in the social insects. We show that nest inheritance can explain the presence of unrelated helpers
in a classic social insect model, the primitively eusocial wasp Polistes dominulus. We found
that subordinate helpers produced more direct offspring than lone breeders, some while still
subordinate but most after inheriting the dominant position. Thus, while indirect fitness obtained
through helping relatives has been the dominant paradigm for understanding eusociality in
insects, direct fitness is vital to explain cooperation in P. dominulus.

P
rimitively eusocial species provide a key

testing ground for theories of the evolu-

tion of sociality, because helpers retain the

ancestral ability to breed independently. In in-

sects, such theories focus principally on indirect

fitness acquired through aiding genetic rela-

tives, because “sterile” workers in highly euso-

cial species have limited ability to reproduce

(1, 2). However, in the best-studied primitively

eusocial system, Polistes paper wasps, indirect

fitness has failed to fully explain group living

(3, 4). Polistes dominulus foundresses build new

nests in spring, either alone or in small cofound-

ress groups, and survive for only a single, 5-

month-long breeding season. On cofounded nests,

subordinates forage to feed the larvae while one

dominant individual lays almost all of the eggs

(5). Inclusive fitness theory thus predicts high re-

latedness between cofoundresses (6), but surpris-

ingly, 15 to 35% of P. dominulus subordinates in

at least three populations are completely unre-

lated to the dominant wasp (3, 7, 8). These un-

related subordinates are the only social insects

thought to eschew independent nesting to help

raise the offspring of a nonrelative without ob-

taining inclusive fitness benefits in return (7).

In our study population, 15% of foundresses

are unrelated to their cofoundresses, 15% are

cousins, and the remainder are full sisters (9).

The boost to group productivity provided by one

subordinate is small enough that even full sis-

ters of the dominant, who share 75% of her

genes, would apparently do better to nest alone

(4, 10). However, these calculations have not

taken into account the direct fitness to be gained

from nest inheritance (7, 11). Cofoundress as-

sociations are small in Polistes, and dominant

turnover may be common (4, 7, 12, 13), so that

subordinates have a chance of inheriting the nest

and its work force if the dominant dies or weak-

ens before the breeding season ends (7). Indeed,

variation in the chance of inheritance seems to

drive individual variation in helping effort and

aggression in Polistes and other primitively

eusocial wasps (12, 14, 15). Studies that have

focused on the early breeding season may thus

have underestimated subordinate reproductive

success [(16), but see (17)], but the value of in-

herited resources has rarely been quantified in

social insects. Indeed, the relative contribution

of direct fitness benefits to social evolution at-

tracts heated debate, even in cooperatively breed-

ing vertebrates where helping by nonrelatives is

more common (18, 19).

To evaluate whether subordinates outreproduce

lone foundresses even in the absence of indi-

rect fitness benefits, we measured the reproduc-

tive success of 1113 foundresses on 228 natural

P. dominulus nests over the whole nesting sea-

son [mean cofoundress relatedness on collected

nests = 0.53 T 0.52 (SEM)]. In early spring 2008,

we searched for foundresses that were initiating

nests after emergence from hibernation at our

study site in southern Spain. Each foundress was

marked for identification, and a tarsal sample was

taken (17) so that any pupae she produced could

later be identified by genotyping. Cofoundress

group composition fluctuates during the very

early spring and stabilizes in late March, at which

point we recorded the size of each group and

identified the dominant wasp by behavioral cen-

suses (12). To confirm the dominant’s identity, we

also genotyped the first offspring produced (20).

Because adult offspring are produced con-

tinuously from May until July, it is impossible

to estimate reproductive output by sampling at a

single time point. Instead, we estimated the num-

ber of offspring that subordinates produce in each

quarter of the breeding season. First, we collected

a random subset of nests at the time when the

eggs laid immediately after group stabilization

were about to reach adulthood (the early spring

collection). We then carried out three more col-

lections, each timed so that the oldest pupae on

collected nests had pupated immediately after the

previous collection date (late spring, early summer,

and midsummer phase collections). We genotyped

all pupae on collected nests at nine microsatellite

loci, to estimate the number of pupae that sub-

ordinates produce in each quarter of the season,

for comparison with single foundresses.

Pupae were classified as subordinate offspring

if their individual (male) or sibling group (female)

genotype was inconsistent with maternity by

the dominant wasp but matched that of one or

more subordinates. Over half (55.7%) of nests

failed through predation or loss of foundresses

1School of Life Sciences, University of Sussex, Brighton BN1
9QG, UK. 2Natural Environment Research Council (NERC) Bio-
molecular Analysis Facility, University of Sheffield, Sheffield
S10 2TN, UK. 3Department of Genetics, Evolution, and Environ-
ment, University College London, London NW1 2HE, UK.

*Present address: Institute of Zoology, Zoological Society of
London, Regent’s Park, London NW4 4RY, UK.
†To whom correspondence should be addressed. E-mail:
ellouise.leadbeater@ioz.ac.uk
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before their assigned quarter of the season, and

in these cases each subordinate was recorded as

having produced no pupae in that quarter. For

each nest, we divided the total number of sub-

ordinate offspring by the number of subordinate

foundresses to obtain subordinate offspring per

capita. Remarkably, subordinates produced more

direct offspring per capita than lone foundresses

[W = 4980, P < 0.001 (20)], because they out-

reproduced lone foundresses in the latter part

of the breeding season (Fig. 1A).

The disparity between lone foundresses and

subordinates is greatest in the summer, when off-

spring are thought to be more likely to become

next year’s reproductives (5). We painted a date-

specific mark on all 3072 female offspring that

reached adulthood on a separate set of 145 nests,

every 6 days from worker emergence until the

season ended. In the spring of the following year,

the vast majority (90%) of painted foundresses

observed initiating spring nests originated from

marking dates within the early and midsummer

collections from the previous year (Fig. 2). The

lone foundresses in our sample failed to produce

a single pupa within this period.

Some subordinate offspring (32%) repre-

sented eggs laid while the dominant wasp was

still alive, but the majority (68%) were produced

after the subordinate had inherited the dominant

position (Fig. 1B). Inheritance was not observed

before the emergence of the nest’s first offspring,

but occurred most commonly immediately after

this period (Table 1), suggesting that subordinates

may challenge the dominant when the oppor-

tunity to lay offspring that are potential repro-

ductives approaches. Based on the frequency of

inheritance in each quarter, we estimate that on

87% of nests, the dominant will retain her position

throughout the entire season, so the probability of

inheritance for individual subordinates is low. Yet,

the high payoff of inheritance, should it occur,

means that an average subordinate gains more di-

rect reproduction than an average lone foundress.

When inheritance occurs, the payoff to the

inheritee is greater in larger cofoundress groups,

because such nests are less prone to failure through

predation or foundress death, especially early

in the season (group size/collection date interac-

tion: c2 = 7.65, df = 1, P < 0.01) (fig. S1A). Fur-

thermore, when they survive, nests founded by

larger groups produce more pupae than their

smaller surviving counterparts (F1,96 = 13.0, P <

0.001) (fig. S1B). However, in these larger co-

foundress groups, each individual subordinate

stands a lower chance of inheriting, because she

faces greater competition from nestmates. Accord-

ingly, subordinates produced the most offspring

through inheritance per capita in medium-sized

cofoundress groups (Fig. 3). However, we found

no evidence that unrelated subordinates pref-

erentially joined medium-sized groups (group

size/relatedness correlation, Spearman’s Rho:

P = 0.86).

As well as sometimes inheriting the nest,

foundresses could lay eggs while still subordi-

nate. Subordinate egg-laying was more common

in larger cofoundress groups (F1,178 = 10.62,

P < 0.01) (Fig. 3). This might reflect enhanced

difficulties in policing subordinate reproduction,

or dominants in larger groups might allow more

subordinate egg-laying to reduce the incentive

for subordinates to fight for control of highly

productive nests (“peace incentives”) (6, 14, 16).

Although subordinate egg-laying represented a

smaller proportion (32%) of subordinate direct fit-

ness than reproduction through inheritance (68%),

even subordinates that do not inherit the dominant

position could equal or exceed the reproductive

output of lone foundresses (per capita reproduction

through subordinate egg-laying versus lone found-

ress reproduction; W = 3326, P < 0.01) (Fig. 3).

Our analysis focused on average per capita

subordinate reproduction, but it is possible that

unrelated individuals (16.9% of subordinates

in our sample) achieve less direct reproduction

than others. To investigate this, we compared

the per capita number of female pupae produced

by subordinates that were relatives of the domi-

nant (sisters or cousins), or were unrelated to

her, across all nests that survived until collec-

tion. Overall, there were no significant differ-

ences (P = 0.37). We also found no relationship

between mean cofoundress relatedness and the

total productivity of the nest (F1,84 = 1.73, P= 0.19).

Our findings explain why only 4.04% of

wasps chose to remain as lone foundresses at

group stabilization (fig. S2): Individuals can

Fig. 2. Proportion of
offspring produced dur-
ing the early spring, late
spring, early summer,
and midsummer phases
that were found on nests
the following spring. Er-
ror bars, mean T SEM.
(Inset) P. dominulus co-
foundresses on an early
spring nest.
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Table 1. Inheritance rates in each quarter of the season. Groups of nests were collected at the end of
each quarter of the breeding season. If pupal genotypes indicated that a subordinate wasp was dominant
at the start of that quarter, inheritance had occurred earlier in the season (column C). If the mother of the
oldest pupal group was not the mother of the youngest, inheritance had occurred within that quarter
(column D). Approximate dates when pupae were laid as eggs are based on egg/larval development times
in (22) and pupal development times estimated by monitoring nests from our population, repeated three
times over the season.

(A) Collection

date (2008)

(B) Breeding season

quarter

(C) Nests where

inheritance occurred

before pupal broods

were produced (%)

(D) Nests where

inheritance was

observed within the

pupal brood (%)

18 May Mid spring. Pupae

represent eggs laid

before early May.

0 0

16 June Late spring. Pupae

represent eggs laid

throughout May.

0 11.32

3 July Early summer. Pupae

represent eggs laid

in early and mid-June.

9.76* 2.44

15 July Late summer. Pupae

represent eggs laid

in late June and early

July.

7.41 0

*One nest where the original dominant reinherited after the death of a usurper was not included in this statistic.
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achieve more direct fitness through subordi-

nation even to a nonrelative than through nest-

ing alone. However, we do not imply that direct

fitness benefits are always the main driver of

subordinate behavior, because our data also show

that indirect benefits usually outweigh direct ben-

efits for those subordinates [~56 to 70% (7, 9)]

that are relatives of the dominant wasp (fig. S3).

Rather, direct fitness benefits make subordi-

nation worthwhile if wasps either do not have

surviving relatives in the population or fail to rec-

ognize them. Within our sample, at least 12.8%

of unrelated subordinates had sisters that were

dominant on nearby nests, suggesting that kin

recognition sometimes fails. Individuals should

choose to nest with their sisters where possible,

but the prospect of nest inheritance means that

subordination can be adaptive even when this

ideal cannot be achieved.

The importance of inheritance for P. dominulus

subordinates, even within their short nesting sea-

son, means that like helpers in cooperatively

breeding vertebrates, their behavior must reflect

a trade-off between current (indirect) and future

(direct) fitness (12, 14). Inheritance has the po-

tential to stabilize cooperation, because a dom-

inant cannot easily accept help from subordinates,

then later renege on the inheritance payoff af-

ter her own death (21). However, subordinate

reproduction will also reduce relatedness be-

tween workers and egg-laying foundresses later

in the season, helping to explain why a committed

altruistic caste has not evolved in Polistes (1).
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Archaeorhizomycetes: Unearthing an
Ancient Class of Ubiquitous Soil Fungi
Anna Rosling,1,2* Filipa Cox,3 Karelyn Cruz-Martinez,1 Katarina Ihrmark,1 Gwen-Aëlle Grelet,4

Björn D. Lindahl,1 Audrius Menkis,1 Timothy Y. James5*

Estimates suggest that only one-tenth of the true fungal diversity has been described. Among numerous

fungal lineages known only from environmental DNA sequences, Soil Clone Group 1 is the most

ubiquitous. These globally distributed fungi may dominate below-ground fungal communities, but their

placement in the fungal tree of life has been uncertain. Here, we report cultures of this group and

describe the class, Archaeorhizomycetes, phylogenetically placed within subphylum Taphrinomycotina

in the Ascomycota. Archaeorhizomycetes comprises hundreds of cryptically reproducing filamentous

species that do not form recognizable mycorrhizal structures and have saprotrophic potential, yet are

omnipresent in roots and rhizosphere soil and show ecosystem and host root habitat specificity.

D
irect sequencing of environmental DNA

is a powerful tool to explore cryptic

diversity of microorganisms and chal-

lenges our understanding of global biodiversity

(1, 2). Despite producing macroscopic repro-

ductive structures and being among the largest

of eukaryotes (3), many fungal species and even

phyla have seldom been observed or cultivated

(4–6). Among the lineages known only from

environmental DNA sequences, the Soil Clone

Group 1 (SCG1) (5) is the most common enig-

matic lineage in soil (7, 8). Themysterious nature

of SCG1 stems from its detection by sequenc-

ing in more than 50 ecological studies of soil

fungi (tables S1 and S2), but the organisms

have never before been observed in the form

of fruiting body, spore, culture, or distinctive

Fig. 3. Subordinate re-
productive prospects,
through subordinate egg-
laying and inheritance,
according to group size.
Lone foundresses are il-
lustrated for comparison.
Error bars, mean T SEM.
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mycorrhizal morphotype. Moreover, its uncer-

tain placement within the Ascomycetes based

on analysis of ribosomal RNA (rRNA) gene

sequences from soil DNA extracts did not

provide a phylogenetic association with previ-

ously described fungi. Because it has never

been detected in root-free environmental sam-

ples, SCG1 was hypothesized to be obligately

biotrophic (5).

Fig. 1. Consensus phylogeny of Fungi, showing the placement of
Archaeorhizomyces based on the combined gene data set. Shown
is the consensus tree across bootstrap pseudo-replicates for a
partitioned data set (nucleotides and amino acids) estimated by
maximum likelihood (ML) with Garli 2.0 (34). Shown at nodes are
the frequencies of bootstrap replicates in the partitioned ML
analysis followed by Bayesian posterior probability (partitioned
analysis). Thickened nodes are supported by 100% bootstrap
followed by posterior probability.

Pezizo-

mycotina

Saccharo-

mycotina

Taphrino-

mycotina

ASCOMYCOTA

61/0.99

Schizosaccharomyces pombe

Neolecta vitellina

Gibberella zeae

Yarrowia lipolytica

Puccinia graminis

Aspergillus fumigatus

Lecophagus muscicola

Wallemia sebi

Sclerotinia sclerotiorum

Taphrina deformans

Ustilago maydis

Neurospora crassa

Tuber melanosporum

FG15P2b Archaeorhizomyces

Ajellomyces capsulatus

Candida albicans

Ny10 Archaeorhizomyces finlayi

Saccharomyces cerevisiae

Eremothecium gossypii

Pneumocystis carinii

BASIDIO-

MYCOTA

99/1.0

61/0.97

76/1.0 80/1.0

54/1.0

50/0.89

Fig. 2. A. finlayi is the type species in the
Archaeorhizomycetes. (A) Six-month-old culture grow-
ing onMMN agar. (B) Scanning electronmicrograph
(SEM) image of fixed mycelia from 3-month-old
mycelia with both terminal and intercalary swel-
lings. (C) Six-month-old mycelia stained with
calcofluor white and propidium iodide. (D) Trans-
mission electron micrograph (TEM) cross section of
hyphae in 3-month-old mycelia. (E) TEM cross sec-
tion of swelling and septate hyphae (*) in 3-month-
old mycelia with extensive coating in extracellular
material (arrow). (F) SEM image of aerial cord-like
structure in 3-month-old mycelia. (G) Chlamydospore-
like hyphal swellings contain one to several nuclei,
prepared as in (C). (H) A. finlayi grown for 6 months
in association with pine roots under sterile condi-
tions. (I) Cryostat cross section of colonized pine
root stained with calcofluor white, septate hyphae
on the root surface (arrowed). Scale bars: 1 cm (A),
0.5 mm (H), 25 mm (I), 10 mm (C and G), 5 mm (B
and F), 1 mm (E), and 200 nm (D).
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Here, we characterize cultures of SCG1 (9)

isolated as slow-growing fungi emerging from

surface-sterilized coniferous ectomycorrhizal root

tips (10, 11). Initial species identification based

on the rapidly evolving internal transcribed spacer

(ITS) rRNA locus did not allow phylogenetic

placement of the isolates, and only after sequenc-

ing a larger, 3.6-kbp rRNA locus fragment were

the isolates rediscovered as the SCG1. The avail-

ability of cultures allowed a robust and reliable

multilocus phylogenetic assessment with unam-

biguous linkage relationships among rRNA

genes and three protein-coding genes (9), an

approach not possible with environmental DNA.

We propose the class Archaeorhizomycetes,

which is diagnosable with rRNA sequences, and

describe the type species Archaeorhizomyces

finlayi (12–16).

Archaeorhizomycetes is placed within the

subphylum Taphrinomycotina in the combined

gene analysis and in separate analyses of two

out of three protein-coding genes (Fig. 1 and fig.

S1). Modest support in the combined gene phy-

logeny (Fig. 1) is likely due to conflict between

rRNA and protein-coding genes and the ancient

divergence time of the Taphrinomycotina. How-

ever, Archaeorhizomycetes is part of a mono-

phyletic or paraphyletic Taphrinomycotina in

every single locus phylogeny (fig. S1), and the

monophyly of Taphrinomycotina has been sta-

tistically supported in other studies (17–19).

Taphrinomycotina includes four distinct classes

that encompass extreme phylogenetic and ecolog-

ical diversity despite containing only six genera and

150 species (19, 20). Taphrinomycotina includes

the model fission yeast Schizosaccharomyces, the

mammal pathogen Pneumocystis associated with

HIV patients, and the enigmatic genus Neolecta.

Neolecta grows attached to rootlets of conifers,

is the only Taphrinomycotina known to produce

fruiting bodies, and has not yet been cultured

(21, 22).

A. finlayi is a slow-growing mycelial fungus

(Fig. 2A) with thin hyphae (1 to 2 mm) (Fig. 2, B

to D) and simple septa without pores (Fig. 2, C

and E, and fig. S2, A and B). The hyphal cell wall

is double layered and ~200 nm thick (Fig. 2D). In

culture, the hyphae are extensively coated by

extracellular material (Fig. 2E) and intertwined

into undifferentiated cord-like structures (Fig.

2F). Cells have one or often multiple nuclei (Fig.

2C). Both terminal and intercalary swellings are

observed (Fig. 2, B and E) and delimited by septa.

The swellings are typically thick-walled and

contain multiple nuclei (Fig. 2, E and G), sug-

gesting that they may function as resistant spores

(chlamydospores).

Direct sequencing of the rRNA ITS locus from

root tips has identified members of Archaeo-

rhizomycetes from 2.2 to 3.5% of all examined

root tips of Betula nana (23), Pinus sylvestris

(24, 25), and Picea abies (25). This is despite the

fact that all Archaeorhizomycetes sequences have

two specific mismatches (15) in the binding site of

the widely used reverse primer ITS4 (26). In

contrast, when the large subunit (LSU) rRNA

gene was used as a marker, 7 to 95% of cloned

amplicons were ascribed to Archaeorhizomycetes

in different soil habitats (5, 7, 27). Similarly, 19%

of small subunit (SSU) rRNA gene sequences

belonged to Archaeorhizomycetes, despite the

same soil DNA extract yielding zero amplified

Archaeorhizomycetes ITS sequences (28). Hence,

species in the Archaeorhizomycetes may be far

more abundant than suggested from themajority

Fig. 3. A maximum likelihood
tree for Archaeorhizomycetes, in-
cluding 162 environmental se-
quences from 52 studies (table
S1). Sequences were aligned over
the rRNA ITS region and the 28S
region when available (fig. S4).
Boxes illustrate OTUs at 97% iden-
tity across the rRNA ITS region.
When sampled three times or more,

habitat and geographical distribution of numbered OTUs are listed. (For full information, see fig. S3
and table S1). A. finlayi is the type species in this class, and FG15P2b represents a culture from an
additional unnamed species. Outgroups are aligned across 28S and 5.8S. The scale bar indicates sub-
stitutions per site.
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ofmolecular community studies, which have used

the mismatching ITS4 primer (26).

In a meta-analysis of publicly available ITS

and LSU sequences (figs. S3 and S4), we distin-

guished at least one hundred operational taxo-

nomic units (OTUs, roughly equivalent to species)

of Archaeorhizomycetes, using a 97% sequence

similarity threshold across the ITS region (Fig. 3),

and predicted a total diversity exceeding 250OTUs

(9) (fig. S5).We confirmed previous observations

of high local diversity, with 12 to 20 OTUs per

site (5, 27). Furthermore, we demonstrated strong

biogeographical patterns, with significant global

association between geographic and phylogenetic

distance (MantelR = 0.201,P= 0.0001; fig. S6).

Globally distributed OTUs were associated with

specific ecosystems and habitats (Fig. 3) (SOM

text). The threemost sampledOTUs (number 5, 6,

and 10 in Fig. 3) colonize typical ectomycorrhizal

habitats—i.e., soil and roots of pine and un-

derstory ericaceous plants. However, there is

no evidence that Archaeorhizomycetes form

mycorrhizal structures in pine roots. Instead,

Archaeorhizomycetes sequences have been

amplified from distinct ectomycorrhizal mor-

photypes (10, 11, 29–31), where they common-

ly coexist with other fungi in single root tips

(10, 29, 32). When inoculated onto sterile pine

seedlings, the mycelium of A. finlayi associates

with roots but shows no preferential growth

toward main, primary, or secondary roots and

does not alter root tip morphology (9) (Fig. 2H).

Despite a lack of typical mycorrhizal or endo-

phytic structures (Fig. 2I), inoculated seedlings

remained healthy for months, with no signs of

fungal pathogenicity. The apparent plant host

and habitat specificity demonstrated by many

OTUs is not necessarily explained by specificity

toward the plant, but may instead reflect an as-

sociation with other root-associated fungi.

When first discovered, Archaeorhizomycetes

were found to be seasonal, dominating tundra

soil fungal communities in summer while being

absent during other times of the year (7). This

suggests that these fungi depend on root-derived

carbon compounds. However, in culture, A. finlayi

grows slowly on both glucose and cellulose as a

sole carbon source (9) (fig. S7), indicating that

it may be involved in decomposition and not

require direct carbon transfer from the plant

through symbiosis.

The diverse fungal classArchaeorhizomycetes

occurs ubiquitously in different terrestrial eco-

systems, and so far their abundance has been

underestimated owing to amplification biases. Al-

though their precise ecological niches and their

complete life cycle remain unknown, the isola-

tion and description of cultures of this group will

allow their role in terrestrial ecosystems to be

deciphered by in vitro characterization and ge-

nome sequencing. Like the recently described

aquatic lineage cryptomycota (6), these observa-

tions of Archaeorhizomycetes contribute toward

cataloging and understanding the missing diver-

sity of the fungal kingdom (33). Their cryptic

nature and recalcitrance to culture may explain

why these dominant forms of the biosphere re-

mained undetected until the onset of environmen-

tal DNA studies.
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Reciprocal Rewards
Stabilize Cooperation in the
Mycorrhizal Symbiosis
E. Toby Kiers,1*† Marie Duhamel,1,2 Yugandhar Beesetty,3,4 Jerry A. Mensah,4

Oscar Franken,1 Erik Verbruggen,1 Carl R. Fellbaum,4 George A. Kowalchuk,1,5

Miranda M. Hart,6 Alberto Bago,7‡ Todd M. Palmer,8 Stuart A. West,9

Philippe Vandenkoornhuyse,2 Jan Jansa,10 Heike Bücking4†

Plants and their arbuscular mycorrhizal fungal symbionts interact in complex underground
networks involving multiple partners. This increases the potential for exploitation and defection
by individuals, raising the question of how partners maintain a fair, two-way transfer of resources.
We manipulated cooperation in plants and fungal partners to show that plants can detect,
discriminate, and reward the best fungal partners with more carbohydrates. In turn, their fungal
partners enforce cooperation by increasing nutrient transfer only to those roots providing more
carbohydrates. On the basis of these observations we conclude that, unlike many other mutualisms,
the symbiont cannot be “enslaved.” Rather, the mutualism is evolutionarily stable because control
is bidirectional, and partners offering the best rate of exchange are rewarded.

T
he symbiosis between plants and arbus-

cular mycorrhizal (AM) fungi is argua-

bly the world’s most prevalent mutualism.

The vast majority of land plants form AM in-

teractions, in which plants supply associated

AM fungi with carbohydrates, essential for fun-

gal survival and growth (1). In exchange, AM

fungi provide their host plants with mineral nu-

trients [e.g., phosphorus (P)] and other benefits

such as protection against biotic (pathogens and

herbivores) and abiotic (e.g., drought) stresses

(2). This partnership, which evolved long before

mutualisms among insects or vertebrates (3), is

credited with driving the colonization of land by

plants, enabling massive global nutrient trans-

fer and critical carbon sequestration (2, 4).

The selective forces maintaining cooper-

ation between plants and AM fungi are un-

known (3–7). Providing nutritional benefits

can be metabolically costly, leading to the ex-

pectation that partners may defect from mu-

tualistic duties (6, 8). If individual host plant

and fungal symbiont interests are tightly aligned

(9), fungal symbionts will increase their own

fitness by helping plants grow (10), and vice

versa. However, plants are typically colonized

by multiple fungal species (11), and fungal

“individuals” can simultaneously interact with

multiple host plants (12) or species (fig. S1)

(13). This can select for “cheaters” that exploit

the benefits provided by others while avoiding

the costs of supplying resources (3, 8). It is

possible that plants have evolved mechanisms

to enforce cooperation by fungi, analogous to

the sanctions against uncooperative partners

demonstrated in diverse mutualisms (14–17).

However, sanction mechanisms in other systems

appear to rely on a single host interacting with,

and controlling the fate of, multiple partners. In

contrast, the AM symbiosis involves a complex

series of many-to-many interactions with mul-

tiple fungal strains (11) and multiple hosts (13),

and it is not clear whether sanctions could op-

erate in the same way.

An alternative explanation for the stability of

the plant-mycorrhizal mutualism is that both plants

and fungi are able to detect variation in the re-

sources supplied by their partners, allowing them

to adjust their own resource allocation accord-

ingly. Such exchange of resources, in economic

terms, represents a “biological market,” in which
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Fig. 1. Pair-wise compar-
isons of carbon allocation
patterns to coexisting AM
fungal species based on
13C enrichment. Values
above the zero line indi-
cate preferential alloca-
tion to species above the
line. (A) More carbon was
allocated to the coopera-
tive species (G. intraradi-
ces) compared with the
less-cooperative species
(G. aggregatum) in a two-
species experiment. (B)
When host plants were
colonized with three AM
fungal species, the RNA
of the cooperative spe-
cies (G. intraradices) was
again significantly more
enriched than that of the
two less-cooperative spe-
cies (G. aggregatum and
G. custos). There was no
significant difference in
RNA enrichment between
the two less-cooperative
species. Data from all har-
vest times were pooled
because there was no sig-
nificant effect of time on
RNA enrichment (Kruskal-
Wallis, P > 0.05 for all
three fungal species). Mid-
dle lines of box plots rep-
resent median values (n =
11), with bars showing
value ranges (minimum to
maximum). P values refer to nonparametric sign tests for differences of sample median from zero.
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partners exchange commodities to their mutual

benefit (18–21). However, while mutualism mar-

ket analogies have a strong theoretical basis

(19, 22, 23), plants may be unable to discrim-

inate among intermingled fungal species on a

fine enough scale to reward individual fungi (24).

Empirical tests have previously been constrained

by our inability to track host resources into di-

verse AM assemblages and by difficulties in ma-

nipulating the cooperative behavior of both

fungal and plant partners.

We resolved these constraints by allowing fun-

gal genotypes that differ in their cooperative be-

havior to compete directly on a single root system.

We used stable isotope probing (SIP) to track and

quantify plant resource allocation to individual

fungal species (fig. S2) (11) and hence test for

host discrimination against less-cooperative part-

ners. We also employed in vitro root organ cul-

ture approaches (25) to manipulate cooperative

behavior of both plant and fungal mutualists to

examine patterns of reciprocal rewards in response

to variable levels of cooperation (26).

We used the model plant Medicago truncatula

and three arbuscular mycorrhizal fungal species

within the cosmopolitan subgenus Glomus Ab

(Glomus intraradices,G. custos, andG. aggregatum).

These AM fungi exhibited either high or low lev-

els of cooperation (symbiont quality), based on

plant growth responses, costs of carbon per unit

P transferred, and resource hoarding strategies,

with the two less-cooperative species directing

more carbon resources either into storage vesi-

cles (G. aggregatum) or spores (G. custos) com-

pared with the cooperative species (figs. S3 and

S4). We used closely related species to avoid

potential confounding factors attributed to differ-

ences in life history traits not linked to nutrient

exchange (27). We do not categorize our less-

cooperative species as unequivocal “cheats,” noting

that they may confer other benefits not mea-

sured here (26).

We grew Medicago hosts with one, two (G.

intraradices versus G. aggregatum), or all three

AM fungal species. We followed the C flux from

the plant to the fungal partners by tracking plant-

assimilated C after 6 hours in a 13CO2 atmo-

sphere (11). We harvested the roots after 6, 12,

and 24 hours to follow the incorporation of host

carbon into the RNA of the AM fungal assem-

blage. We focused on RNA because it better

reflects immediate C allocation patterns relative

to DNA (28). Total RNA extractions were then

subjected to ultracentrifugation to separate frac-

tions based on the level of 13C incorporation.

By quantifying mitochondrial ribosomal RNA

transcripts via specifically designed primers and

quantitative polymerase chain reactions (qPCRs),

we were able to track the real-time relative C

allocation to each of the AM fungal species

(figs. S2, S9, and S10).

Fig. 2. Triple-plate exper-
iments to mimic partner
cooperation or defection.
We found a significant
effect of P availability
on C allocation patterns
(F3,20 = 5.29, P = 0.0075),
with preferential alloca-
tion of C to the fungal
compartments with access
to more P in (A) G. intra-
radices but not in (B)
G. aggregatum. In the re-
ciprocal experiment, we
found a significant effect
of the C availability on P
allocation patterns (F7,58 =
7.298, P < 0.0001), with
a higher allocation of fun-
gal P [measured as poly-
phosphate (PolyP)] to
root compartments with
higher C in both (C) G.
intraradices and (D) G.
aggregatum. However, the
less-cooperative species
G. aggregatum, remobi-
lized a smaller percentage
of its long-chained PolyP
into short-chained PolyP,
indicative of a hoarding strategy (figs. S6 and S8). Asterisks indicate significant differences between treatment means (Student-Newmans-Keuls test, P ≤ 0.05).
Error bars represent the means of 8 to 10 replicates T 1 SEM.
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We found that more carbon was supplied to

the more-cooperative fungal species. In both the

two-species and three-species experiments, the

RNA of the cooperative fungus, G. intraradices,

was significantly more enriched with host 13C

than the RNA of both less-cooperative species

of the same genus (Fig. 1). We reject the hypoth-

esis that the less-cooperative species were sim-

ply incompatible partners because colonization

in all single-species controls were above 80%

(fig. S4). Moreover, we found a significant ef-

fect of host preference on fungal abundance.

G. aggregatum decreased by 36.7% (F1,8 = 6.39,

P = 0.035) andG. custos by 85% (F1,8 = 63.6, P <

0.001) in communities where a high-quality part-

ner was available (fig. S5), suggesting either a

shift in resource supply by the host to the more-

cooperative species or changes in competitive

dynamics among the fungi (26).

The extent to which cooperation can be ef-

fectively enforced depends on the scale at which

hosts discriminate against less-cooperative fungal

symbionts. For plant hosts, this detection would

have to occur at a very fine spatial scale (e.g., ~1 cm

or smaller), because genetically distinct fungi can

form closely intermingled networks within host

root systems (1). However, it has been argued that

plants cannot discriminate amongmixed fungi once

colonization has been established (24). Discrim-

ination based on fungal signaling before coloni-

zation is unlikely because there is no reason that

fungi would have to signal honestly (3).

To resolve this potential paradox, we inves-

tigated whether fine-scale host discrimination oc-

curs between fungal hyphae colonizing the same

host root. We used an in vitro triple split-plate

system, with one mycorrhizal root compartment

and two fungal compartments composed of the

same fungal species but varying in P supply. This

allowed us to mimic cooperation or defection by

fungal partners connected to the same host root

and to track how this influences C allocation back

to the fungus (Fig. 2, A and B). If hosts rely on

nutrient transfer as a tool to discriminate between

partners on the same root (6, 7), we would

predict higher C allocation to the hyphae with

access to higher P resources.

We found that hosts rewarded fungal hyphae

that were supplied with greater P resources. As

predicted, 4 days after the addition of 14C-labeled

sucrose to the root compartment, we found that

significantly more Cwas transferred to the fungal

hyphae with access to more P (Fig. 2A). In the

cooperative species, G. intraradices, even small

quantities of available P (e.g., 35 mM) resulted in

a 10-fold increase in C allocation to the hyphae,

relative to the hyphae with no access to P. We

found no C allocation differences when hosts

were colonized by the less-cooperative species,

G. aggregatum (Fig. 2B).

Like their plant hosts, AM fungi interact with

multiple partners in nature (13). Consequently,

fungi may also enforce cooperation by reward-

ing increased C supply with greater P transfer.

Therefore, we used a reciprocal triple split-plate

experimental design, with one fungal and two

root compartments, to determine whether the

fungal partner would preferentially allocate P to

the host providing more carbohydrates (Fig. 2,

C and D). We found that the cooperative spe-

cies transferred more P to roots with greater

access to C resources (Fig. 2C), confirming that

fungi can discriminate among hosts differing in

C supply. In contrast, the less-cooperative spe-

cies, G. aggregatum, responded differently. Like

the cooperative species, it transferred more P to

the root compartment with access to more C,

showing that it was able to assess and respond

to the rate of C supply (Fig. 2D). However, this

species predominantly stored the P resources in

long-chained polyphosphates, a host-inaccessible

form (fig. S6) (29). This type of resource hoard-

ing potentially reduces P availability for com-

peting fungi and P directly available for host

uptake (fig. S8) and illustrates key differences

in fungal strategies, with G. intraradices being

a “reciprocator” and G. aggregatum a less-

cooperative “hoarder.”

To track simultaneous resource exchange be-

tween partners, and hence determine whether AM

fungi are stimulated to provide more P in direct

response to a greater host C supply, we used a

two-compartment Petri plate design. Host roots

were exposed to labeled U-14C sucrose in either

high or low concentrations, and labeled 32P was

added to the fungal compartment. We found that

increasing C supply stimulated P transfer by the

cooperative fungal species G. intraradices but not

the less-cooperative species G. aggregatum (Fig.

3A). As above, the cooperative species responded

to C rewards with a reciprocal P increase, whereas

the less-cooperative species stored P in the host-

inaccessible form of long-chained polyphosphates

(fig. S7). Finally, we compared the ratio of C costs

to P transferred in both species (Fig. 3B), con-

firming that colonization by the less-cooperative

species resulted in significantly higher host costs.

These results support our whole plant SIP exper-

iments (Fig. 1) and explain why the plant host

consistently allocated more C to the cooperative

species when given a choice.

Overall, our results suggest that stability of

the AM mutualism arises in a different way

compared with other mutualisms. A general

feature of many mutualisms is that one partner

appears to be “in control” (30) and has either

domesticated the other partner (9) or enforces

cooperation through punishment or sanction

mechanisms (3). In these cases, the potential for

enforcement has only been found in one direction,

with the controlling partner housing the other part-

ner in compartments, which can be preferential-

ly rewarded or punished, such as in legume root

nodules (16), fig fruits (17), and the flowers of

yucca (15) and Glochidion plants (14). In contrast,

in the mycorrhizal mutualism, both sides interact

with multiple partners, so that neither partner can

be “enslaved.”Cooperation is only stable because

both partners are able to preferentially reward the

other. This provides a clear, nonhuman example

of how cooperation can be stabilized in a form

analogous to a market economy, where there

are competitive partners on both sides of the

interaction and higher quality services are remu-

nerated in both directions (18–20).
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The Structure of the Kinesin-1
Motor-Tail Complex Reveals the
Mechanism of Autoinhibition
Hung Yi Kristal Kaan,1 David D. Hackney,2 Frank Kozielski1*

When not transporting cargo, kinesin-1 is autoinhibited by binding of a tail region to the
motor domains, but the mechanism of inhibition is unclear. We report the crystal structure of a
motor domain dimer in complex with its tail domain at 2.2 angstroms and compare it with a
structure of the motor domain alone at 2.7 angstroms. These structures indicate that neither an
induced conformational change nor steric blocking is the cause of inhibition. Instead, the tail
cross-links the motor domains at a second position, in addition to the coiled coil. This “double
lockdown,” by cross-linking at two positions, prevents the movement of the motor domains that is
needed to undock the neck linker and release adenosine diphosphate. This autoinhibition
mechanism could extend to some other kinesins.

K
inesin-1 (previously named convention-
al kinesin and hereafter called kinesin)
is a molecular motor that uses energy

from adenosine triphosphate (ATP) hydrolysis
to move cargos processively toward the plus end
of microtubules (MTs) (1–3). When not trans-
porting cargo, kinesin is autoinhibited to prevent
squandering of ATP. Although it is widely ac-
cepted that the tail domain binds to the motor

domain to keep it in a folded autoinhibited state
(4–6), the molecular mechanism remains unclear
and several autoinhibitory mechanisms have been
proposed, including steric and allosteric inhibition
(5, 7). An unexpected recent discovery revealed
that only one of the two identical tail domains in
a heavy chain dimer binds to the motor domain
dimer to inhibit adenosine diphosphate (ADP)
release from both motor domains (8).

We report here the crystal structure of a
kinesin motor domain dimer in complex with
one of its tail domains at 2.2 Å resolution (Fig.
1A) and compare it with the structure of a dimer
alone at 2.7 Å resolution (fig. S1). Data collec-
tion and refinement statistics are shown in table

S1. The conformations of the catalytic core of
the motor domains in the free motor domain
dimer and in the dimer-tail complex are similar,
only differing in the angle of attachment of the
coiled coil (fig. S2) (root mean square devia-
tion = 0.765 Å). The major difference between
the free dimer and the dimer-tail complex is the
rotation of the two motor domains toward each
other to be bridged and cross-linked by a single
tail peptide.

The tail peptide used here (residues 937 to
952) contains the core IAK region that is both
necessary and sufficient for inhibition (8), al-
though addition of the neighboring positively
charged auxiliary binding site (ABS) region in-
creases affinity (4). The final model of the tail
domain comprises residues Gln939 to Ser948, with
the rest of the tail domain being disordered and
not modeled. The stoichiometry is one tail pep-
tide per motor domain dimer in agreement with
biochemical measurements (8). The asymmetric
unit comprises four molecules of the kinesin mo-
tor domain, with two molecules (chains C and D)
forming a dimer via interactions of the coiled-coil
domains and the other two molecules (chains A
and B) forming dimers with their symmetry-
related molecules (A′ and B′, respectively). Each
monomer has one molecule of Mg2+ADP bound
to it.

The tail peptide observed in the structure has
an extended and linear conformation, forming an
expansion of the eight-stranded b-sheet of the
monomeric motor domain (fig. S3). We also ob-
served a hydrogen bond interaction between the
side chains of the tail domain residue Lys944 (NZ)
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Bearsden, Glasgow G61 1BD, Scotland, UK 2Department of

Biological Sciences, Carnegie Mellon University, 4400 Fifth
Avenue, Pittsburgh, PA 15213, USA.

*To whom correspondence should be addressed. E-mail:
f.kozielski@beatson.gla.ac.uk

Fig. 1. Structure of motor-tail complex. (A)
Drosophila melanogaster kinesin motor domain
dimer complexed with tail domain (yellow).
(Cyan sticks, Mg2+ADP; green spheres, Ser181).
(B) Stereoplot showing C–H-p and hydrogen
bond interactions (dotted lines) between the
tail (green) and motor domains (chain A, gray;
B, beige). Structural water molecules are rep-
resented by red spheres. (C) Dimer-tail interface
showing residues of motor domain (chain A,
gray; B, beige), tail domain (yellow) and omit
map (Fobs – Fcalc) (contoured at s = 3.00) for tail
binding in both directions.
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and the motor domain residue Asp185 (OD2),
and hydrophobic interactions between Ile942,
Ile946 of the tail domain and Phe123, Ile126, and
Phe135 of each motor domain. Finally, there is
also a C–H-p interaction of the pyrrolidine ring
of Pro945 with Phe179 (Fig. 1B).

Owing to its amino acid sequence, the tail
peptide is almost symmetrical, in terms of side
chain properties, about the Lys944 residue. This
allows it to bind in two directions between the
motor domain dimer, which also exhibits a two-
fold symmetry (Fig. 1C). As such, we observe
pseudosymmetry in the crystal structure, and the
tail domains binding to the AA′ and BB′ dimers
lie on the two-fold symmetry axis. The tail pep-
tide binds simultaneously to b4 of both motor
domains in the dimer, and the total buried sur-
face area is ~1000 Å2. This interaction surface is
supported by the high evolutionary conservation,
in both metazoan and fungal kinesins, of the
IAK region and of the motor domain residues
that interact in the complex (fig. S4).

Additional support for the structure is pro-
vided by mutagenesis studies. Asp185 of the
motor domain directly interacts with Lys944 of
the IAK region, and the His136 side chains of
each motor domain are in close proximity in the
interface (~2.9 Å) (Fig. 1B). These positions are
far removed from the nucleotide-binding pocket
and the MT-binding surface, and the D185R and
H136E substitutions do not inhibit the rate of
MT-stimulated ADP release (table S2). Howev-
er, both the D185R and H136E substitutions
yield motor domain dimers that are not signif-
icantly inhibited by the tail domain (fig. S5).

Several possible models for the mechanism
of inhibition by tails are eliminated by the struc-
ture of the dimer-tail complex. The binding site
for the tail domain is on the opposite side of the
motor domain from the nucleotide-binding site,
which rules out models in which the tail steri-
cally blocks the release of ADP or interacts with
switch I or switch II (7), which play a critical
role in coupling conformational changes to nu-
cleotide binding (9). The tail also does not in-
teract with the neck linker or coiled-coil domain.
Steric interference with MT binding is also ruled
out, because the MT-binding sites on the motor
domains of the complex are fully exposed. The
structural similarity between the free motor do-
main dimer and the dimer-tail complex (fig. S2)
argues against an allosteric model, in which tail
binding induces a conformation change in the
motor domain that propagates to the nucleotide-
binding site and switch I and II to reduce the
rate of ADP release.

One substantial difference between the free
dimer and the dimer-tail complex is that the
relative movement of the two motor domains is
highly restricted in the latter, because the mo-
tor domains are cross-linked at two positions:
coiled-coil and tail interface. In the absence of
tail binding, the motor domains likely have con-
siderable freedom of movement, as evident from
the different orientation of the published dimer

structure (10), as compared with our dimer struc-
ture. In the dimer-tail complex, however, the
“double lockdown” at both the neck coil and the
tail interface freezes out major relative move-
ments of the motor domains. This could prevent

conformational changes such as undocking of
the neck linker and overlying N-terminal strand
(11, 12).

The double lockdown mechanism predicts
that introduction of a covalent cross-link between

Fig. 3. Proposed model for double lockdown mech-
anism of autoinhibition. On the basis of the crystal
structures, the motor domains (yellow, cartoon) have

considerable freedom of movement for neck linker (red) undocking and ADP (red, spheres) release in
the absence of tail (green, sticks) binding. Cyan oval represents nucleotide-free motor domain with
neck-linker undocked. However, when the tail binds, the motor domains are also cross-linked at the tail
interface. In light of the cross-linking experiment results and on the basis of the neck linker undocking
hypothesis, we propose a double lockdown mechanism, which prevents the separation of the motor
domains that is required for neck linker undocking and ADP release. Ser181 residues (green, spheres)
are far apart in the free dimer but close together in the dimer-tail complex, and are on opposite sides
of the tail interface.

Fig. 2. Disulfide mimic in mant-ADP–release experiment. Cys-lite motor domain dimer with a S181C
substitution was oxidized to the covalent disulfide dimer and then reduced back to the sulfhydryl form
by addition of dithiothreitol (DTT). (A) Time course for release of mant-ADP from unmodified (SH),
oxidized (SS), and DTT treated (SS + DTT) species after mixing with a chase of excess unlabeled ATP.
Concentrations after mixing were 0.15 mM kinesin motor domain (0.075 mM dimer) with or without 0.3 mM
tubulin (dimer) as indicated. (B) Formation of the covalently linked disulphide dimer was analyzed by
denaturing SDS-polyacarylamide gel electrophoresis in the absence of reducing agents.
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motor domains at the tail interface should mimic

inhibition in the absence of tails. Ser181 residues

in the twomotor domains (green in Fig. 1A) were

substituted with Cys (in a background with the

other reactive cyteines removed). A covalent cross-

link between them could be readily formed by

oxidation to a disulfide and reversed by reduction

with DTT (fig. S6). MT-stimulated adenosine

triphosphatase activity was lost and regained in

parallel with the extent of cross-linking (fig. S6),

which indicated that cross-linking strongly in-

hibited hydrolysis and introduced redox control

of activity. In this preparation, about 10% of

the motor domain monomers were refractory

to cross-linking.

Single turnover experiments (Fig. 2A) allow

direct evaluation of the great extent of inhibition

of the cross-linked fraction. In this experiment, a

dimer with S181C substitutions was equilibrated

with the fluorescent ADP analog methylanthra-

niloyl ADP (mant-ADP) before oxidation. Mant-

ADP is released from kinesin with kinetics that

are similar to those of unmodified ADP and gives

a fluorescence decrease (13). In the absence of

MTs, ADP release from the un-cross-linked di-

mer is slow (red trace) and further decreased by

cross-linking (blue trace). MTs greatly accelerate

the rate of mant-ADP release from un-cross-linked

dimers (black trace), but produces a biphasic

transient with cross-linked dimers (green trace).

The relative amplitude of the fast phase is small

and similar to the active fraction that is refrac-

tory to cross-linking in this preparation (Fig.

2B). However, the majority of the cross-linked

preparation exhibits no stimulation of mant-ADP

release by MTs (the slow phase of the green trace

is approximately parallel to the blue trace). Partial

reversal of cross-linking by DTT (orange trace)

restores the amplitude of the fast phase in parallel

to regain of un-cross-linked protein. Thus, the co-

valent cross-link, which mimics the double lock-

down of the dimer, inhibits ADP release from

the motor domains.

Release of ADP has been hypothesized to be

coupled to neck linker undocking (11, 12, 14).

Our crystal structure and covalent mimic pro-

vide support for this hypothesis and suggest that

the inhibition of ADP release by tails could be

due to blocking of neck linker undocking through

a double lockdown mechanism (Fig. 3). Cou-

pling of neck linker undocking and ADP release

is also supported by the inhibition of ADP re-

lease produced by introducing a cross-link be-

tween the neck linker and core motor domain

(15). In short, we propose a double lockdown

autoinhibition mechanism, whereby cross-linking

at the coiled-coil and tail interface prevents the

movement of the motor domains that is needed to

undock the neck linker and release ADP. This

opens up the possibility that other kinesins may be

regulated by a common autoinhibitory mechanism.
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Drosophila Sex lethal Gene
Initiates Female Development
in Germline Progenitors
Kazuya Hashiyama,1 Yoshiki Hayashi,1,2 Satoru Kobayashi1,2*

Sex determination in the Drosophila germ line is regulated by both the sex of the surrounding
soma and cell-autonomous cues. How primordial germ cells (PGCs) initiate sexual development
via cell-autonomous mechanisms is unclear. Here, we demonstrate that, in Drosophila, the
Sex lethal (Sxl) gene acts autonomously in PGCs to induce female development. Sxl is transiently
expressed in PGCs during their migration to the gonads; this expression, which was detected
only in XX PGCs, is necessary for PGCs to assume a female fate. Ectopic expression of Sxl in
XY PGCs was sufficient to induce them to enter oogenesis and produce functional eggs when
transplanted into an XX host. Our data provide powerful evidence that Sxl initiates female
germline fate during sexual development.

P
rimordial germ cells (PGCs) are able to

differentiate into eggs or sperm. It is thought

that PGCs do not assume a sexual fate until

they reach the gonads, where sexual dimorphism

is imposed by both the sex of the surrounding

soma and cell-autonomous cues (1–3). In Dro-

sophila, pole cells or PGCs differentiate to a male

fate in response to JAK/STAT signaling from the

gonadal soma (4–6). The method by which fe-

male sexual development is initiated in pole cells,

however, has not been elucidated. To clarify the

mechanism that initiates a female fate in pole

cells, we first identified a female-specific marker

for this cell type. Although several sex-specific

markers, including mgm-1, disc proliferation ab-

normal, and minichromosome maintenance 5,

have been reported, they are all expressed only

in male pole cells after gonad formation (stage

15), based on signals from the male gonadal soma

(4, 5, 7). We previously showed that lesswright

(lwr), a gene that regulates posttranslational mod-

ification of proteins by small ubiquitin-related

modifiers, is expressed in pole cells during em-

bryogenesis (8, 9). lwr is not characterized by sex-

specific expression. When a dominant-negative

form of lwr (lwrDN) (10) was expressed in the pole

cells of either sex, however, apoptosis was induced

only in female (XX) pole cells during migration

to the gonads. This effect caused a significant

reduction in the number of XX pole cells in the

gonads (Fig. 1, fig. S1, and table S1) (11). In-

troduction of female-specific germline apoptosis

induced by a dominant-negative form of lwr

( f-gal ) provides a previously uncharacterized

marker of female sexual identity in migrating

pole cells.
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Sex determination is controlled by the Sex

lethal (Sxl) gene, which is first expressed at

the blastodermal stage in the embryonic soma

(12–14). Sxl encodes an RNA binding protein

involved in alternative splicing and translation.

In the soma of XX embryos, it functions through

transformer (tra) and transformer-2 (tra-2), which

in turn regulate alternative splicing of the double-

sex (dsx) gene to produce a female-specific form

of Dsx (15, 16). In male (XY) embryos, this

pathway is turned off, and a male-specific form

of Dsx is produced by default (16). These Dsx

proteins determine the sexual identity of so-

matic tissues (15–17). Previous reports, how-

ever, suggested that Sxl does not induce female

sexual development in the germ line, as it does

in the soma (18, 19). Although Sxl is autono-

mously required for female sexual development

(16, 17, 20), constitutive mutations in Sxl (SxlM)

that cause XY animals to undergo sexual trans-

formation from male to female do not neces-

sarily interfere with male germline development

(18, 19). Moreover, tra, tra-2, and dsx are not re-

quired for female germline development (20–22).

Finally, female-specific Sxl expression has been

detected later in gametogenesis, but not in early

germline development (12, 13, 20).

Contrary to previous observations, we found

that Sxl was expressed in XX but not XY pole

cells during their migration to the gonads (Fig.

2). In the soma, Sxl transcripts are first expressed

from the establishment promoter (Sxl-Pe) in a

female-specific manner (12, 14). Using a probe

specific to the early transcript derived from Sxl-

Pe, we detected in situ hybridization signals in

migrating XX pole cells at around stage 9/10

(Fig. 2, B to E). We used transgenic embryos,

which expressed enhanced green fluorescent

protein (EGFP) under the control of the Sxl-Pe

promoter (Fig. 2, F to I) (23), to further confirm

this female-specific Sxl-Pe activation. We used

reverse transcription polymerase chain reaction

and sequencing analyses in pole cells to detect

early Sxl transcripts that had the same sequence

as the transcripts expressed in the soma (11).

Next, we determined whether Sxl feminized

early pole cells using f-gal as a marker for fe-

male identity. We found that the loss-of-function

mutation Sxl f P7B0 (24) repressed f-gal in XX

pole cells (Fig. 1A). This repression is unlikely to

result from sexual transformation of the soma,

because an amorphic tra-2 mutation, which al-

ters somatic sex (19, 22, 25), did not affect f-gal

(Fig. 1A). Conversely, when we forced the ex-

pression of Sxl together with lwrDN in pole cells

from stage 9 onward by using nanos-Gal4 (26)

and UAS-Sxl (27), f-gal was ectopically ob-

served in XYpole cells (Fig. 1, A, D, and G). We

found that Sxl alone did not induce apoptosis

or developmental defects in pole cells (Fig.

1A) (11). These observations suggest that fe-

male sexual identity of migrating pole cells is

regulated cell-autonomously by Sxl.

We then determined whether Sxl induced

female development in XY pole cells. Because

XY soma produces signals that direct XX germ-

line cells to a male fate (4, 5, 7), we transplanted

XY pole cells expressing Sxl into XX females

and examined their developmental fate. Even in

the presence of a gain-of-function Sxl mutation

(SxlM1) that causes XY soma to transform from

Fig. 1. Female-specific germline loss induced by a dominant-negative form of lwr. (A) Average numbers
of pole cells in the gonads of female (magenta) and male (blue) control, lwrDN, Sxl o/e, Sxl o/e lwr

DN, Sxl–,
Sxl

–

lwr
DN, tra-2–

, and tra-2
–

lwr
DN embryos (stage 15) are shown (29). More than 40 gonads were

examined in each case. Error bars represent SD. Significance was calculated using the Student’s t test
(*P < 0.01; **P > 0.05). (B to G) Gonads in female (B to D) and male (E to G) control (B and E), lwrDN

(C and F), and Sxl o/e lwr
DN (D and G) embryos (stage 15) were stained for the germline marker Vasa

(magenta). (H to K) Female (H and I) and male (J and K) control (H and J) and lwr
DN (I and K) embryos

(stage 13) were stained for Vasa (magenta) and cleaved caspase-3 (green). Arrowheads indicate pole
cells that were positive for cleaved caspase-3. Scale bars, 10 mm.

Fig. 2. Female-specific expression of Sxl in
migrating pole cells. (A) An embryo (stage 4)
stained for early Sxl transcripts. No specific
signals were observed in pole cells (arrow-
head). (Right) Zoomed-in view. (B and C) Fe-
male (B) and male (C) embryos (stage 9)
stained for early Sxl transcripts. Early transcripts
were detected in pole cells only in females.

Arrowheads indicate pole cells. (D and E) Confocal images of a female embryo (stage 10) double stained
for Vasa (D) and early Sxl transcripts (E). (F to I) Female (F and G) and male (H and I) embryos (stage 9)
carrying Sxl-Pe-EGFP were stained for Vasa (magenta) (F and H) and GFP (green) (G and I). GFP was
detected in pole cells of female embryos (arrowheads). Scale bars, 10 mm.
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male to female, XY (or XO) pole cells enter the

spermatogenic pathway when transplanted into

XX females (18, 19). These results suggest that

Sxl is not sufficient to activate female germline

development. SxlM1 mutations, however, do not

affect transcription from the Sxl-Pe promoter,

but instead structurally alter the late transcript

from the Sxl maintenance promoter (Sxl-Pm),

which allows Sxl protein production in both

males and females (28). Consistent with this ob-

servation, we detected Sxl transcripts derived

from Sxl-Pe in the pole cells of only female

SxlM1 embryos (fig. S7, D and E). Thus, the

SxlM1 mutation does not result in Sxl expression

in XY pole cells as early as in XX pole cells.

Instead, we used nanos-Gal4 and UAS-Sxl

to induce Sxl expression in XY pole cells. We

transplanted three types of XY pole cells, each

characterized by a different duration of Sxl ex-

pression: (i) XY pole cells in which Sxl was

expressed from stage 9 until stage 16/17 using

maternal nanos-Gal4 (XY-mSxl), (ii) XY pole

cells in which Sxlwas expressed from stage 15/16

onward using zygotic nanos-Gal4 (XY-zSxl),

and (iii) XYpole cells in which Sxl was expressed

from stage 9 onward using both maternal and

zygotic nanos-Gal4 (XY-mzSxl) (29). We found

that XY-mzSxl and XY-mSxl pole cells entered

the oogenic pathway and produced mature oocytes

in XX females (Fig. 3, C and D, and Table 1).

These oocytes contributed to progeny produc-

tion (Fig. 3, E to H, and Table 1). Thus, the

XY pole cells produced functional eggs, even

though oogenesis and egg production were re-

duced compared with XX pole cells (Table 1).

In contrast, XY-zSxl pole cells did not enter the

oogenic pathway in almost all (92.3%) of the

XX female hosts (Table 1) and instead were

characterized by a tumorous phenotype, an in-

dication of XY germline cells that have main-

tained male characteristics (Fig. 3, A and B)

(18). Control XY pole cells from the embryos

expressing Sxl only in the soma (XY-nullo-Sxl)

showed a similar phenotype to that of XY-zSxl

pole cells (Table 1). These observations demon-

strate that Sxl expression in XYpole cells during

embryogenesis induces functional egg differen-

tiation in the female soma.

We then used Sxl-specific double-stranded

RNA (UAS-SxlRNAi) under the control of mater-

nal nanos-Gal4 to reduce Sxl activity in XX

pole cells during embryogenesis. Introducing

UAS-SxlRNAi resulted in tumorous and agametic

phenotypes in female adults, indicating that the

XX germ line lost female characteristics (fig. S8)

(18, 19). Taken together, our results show that Sxl

acts as a master gene necessary and sufficient to

induce female development in pole cells.

We found that XY-mzSxl pole cells adopted

a male fate and executed spermatogenesis when

they developed in an XY male soma (Fig. 3, I

and J, and fig. S9). This observation suggests that

the male soma plays a dominant role in determin-

ing the male germline fate, overriding the fem-

inizing effect of Sxl. Another possibility is that

the XX female soma plays a critical role in main-

taining the Sxl-initiated female germline fate.

Indeed, an XX germ line in the male soma shows

a male gene-expression profile, whereas an XY

germ line in the female soma exhibits a female

expression profile, although these germ lines

does not execute gametogenesis (4, 30). Thus,

female germline development requires interac-

tions between the germline and somatic cells, in

addition to germline-autonomous mechanisms

involving Sxl.

In mice, germline sexual identity is also reg-

ulated by both germline-autonomous and so-

matic signals (6, 7). In the coelenterate Hydra,

the germline sex is not influenced by the sur-

rounding soma, and the germ line determines

the phenotypic sex of the polyp (31, 32). Thus,

germline-autonomous regulation of sex has prob-

ably been present throughout the evolution of

animals, and somatic control may have evolved

with the emergence of mesodermal tissues, includ-

ing gonadal soma. Sxl does not appear to play a

key role in sex determination in non-drosophilid

Fig. 3. Ectopic Sxl expression induced a female fate
in XY pole cells. (A to D) Ovaries from EGFP-vasa

adults transplanted with XY (A), XY-zSxl (B), XY-mzSxl
(C), or XY-mSxl (D) pole cells were stained for Vasa
(magenta) and GFP (green) (29). Asterisks denote
GFP-negative clones derived from the transplanted
pole cells: single asterisk, XY and XY-zSxl pole cells
produced a tumorous phenotype in the germarium;

double asterisk, XY-mzSxl and XY-mSxl cells underwent oogenesis and formed egg chambers. (E to H) XY-mSxl pole cells contributed to progeny production.
Ovary (F) and testis (H) from F1 progenies derived from the transplanted XY-mSxl pole cells were GFP-negative, whereas F1 progenies from host germline cells
expressed GFP (green) in ovary (E) and testis (G) (29). (I and J) Distal regions of testes stained for Vasa (green). Adult males were derived from nos-Gal4/nos-Gal4

females mated with nos-Gal4/nos-Gal4 (control) (I) or UAS-Sxl/UAS-Sxl (nos-Gal4>UAS-Sxl) (J) males. In nos-Gal4>UAS-Sxl testes, spermatogenesis proceeded
normally, and sperm was produced. Scale bars, 40 mm.

Table 1. Sxl induced female fate in XY pole cells. Pole cell transplantation experiments are
described in the supporting online material (29).

Donors

No. of

transplanted

embryos

No. of female

adults with

transplanted

germline cells

No. of female

adults with

transplanted

germline cells

executing oogenesis*

No. of female

adults with

transplanted

germline cells

producing progeny

XY 203 13 0 0

XY-zSxl 141 13 1† 1

XY-mzSxl 250 18 13‡ 8

XY-mSxl 181 21 8‡ 5

XY-nullo-Sxl 152 15 0 0

XX 242 25 25 25

*Females with egg chambers (stages 3 to 10) derived from donor pole cells were counted. The number of egg chambers derived from
transplanted XX pole cells in each ovary was 1 or 2, which was identical to that observed in females transplanted with XY-mzSxl or
XY-mSxl pole cells. †P ≥ 0.5; significance was calculated versus XY donors using Fisher’s exact probability test. ‡P < 0.05;
significance was calculated versus XY donors using Fisher’s exact probability test.
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animals (15, 17). Nevertheless, future studies

should determine whether Sxl homologs are ex-

pressed in the germ line of non-drosophilids.

Moreover, it would be of particular interest to

identify downstream targets of Sxl in the Drosophila

germ line and to test whether these genes have a

widespread role in germline sex determination.
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Nicotinic Acetylcholine Receptor b2
Subunits in the Medial Prefrontal
Cortex Control Attention
Karine Guillem,1 Bernard Bloem,1* Rogier B. Poorthuis,1* Maarten Loos,2 August B. Smit,2

Uwe Maskos,3,4 Sabine Spijker,2† Huibert D. Mansvelder1†‡

More than one-third of all people are estimated to experience mild to severe cognitive
impairment as they age. Acetylcholine (ACh) levels in the brain diminish with aging, and
nicotinic ACh receptor (nAChR) stimulation is known to enhance cognitive performance. The
prefrontal cortex (PFC) is involved in a range of cognitive functions and is thought to mediate
attentional focus. We found that mice carrying nAChR b2-subunit deletions have impaired
attention performance. Efficient lentiviral vector–mediated reexpression of functional
b2-subunit–containing nAChRs in PFC neurons of the prelimbic area (PrL) completely restored
the attentional deficit but did not affect impulsive and motivational behavior. Our findings
show that b2-subunit expression in the PrL PFC is sufficient for endogenous nAChR-mediated
cholinergic regulation of attentional performance.

C
ortical acetylcholine (ACh) release from

the basal forebrain is essential for proper

sensory processing and cognition (1–3)

and tunes neuronal and synaptic activity in the

underlying cortical networks (4, 5). Loss of

cholinergic function during aging and Alz-

heimer’s disease results in cognitive decline,

notably a loss of memory and the ability to sus-

tain attention (6, 7). Interfering with the cholin-

ergic system strongly affects cognition (3, 8–13).

Rapid changes in prefrontal cortical ACh lev-

els at the scale of seconds are correlated with

attending and detecting cues (14, 15). Various

types of nicotinic ACh receptor (nAChR) sub-

units are expressed in the prefrontal cortex (PFC)

(16–18), and in particular nAChRs containing

b2 subunits are thought to enhance attention (13).

However, the causal relation between nAChR b2

subunits (henceforth b2*-nAChRs) expressed in

the medial PFC (mPFC) and attention perform-

ance has not yet been demonstrated.

We first determined whether absence of nic-

otinic b2 subunits affects attentional behavior

in the five-choice serial reaction time task (5-

CSRTT), a well-established test setup that taxes

various aspects of attentional control over per-

formance (19). Mice lacking b2 subunits of

nAChRs (b2−/−) and their wild-type littermates

(WT) were trained to detect and respond to a

brief light stimulus randomly presented in one

of five nose poke holes to receive a food pellet

(20). b2−/− mice showed normal locomotor ac-

tivity in an open field test (fig. S1), normal sen-

sorimotor gating in a prepulse inhibition test

(fig. S2), and normal acquisition in the 5-CSRTT

(fig. S3). After complete acquisition of the 5-

CSRTT, animals were trained at the stimulus

duration of 1 s (SD1) for 10 more days until they

reached stable performance (fig. S4). Baseline

5-CSRTT performance was then calculated from

the 6th until the 10th session at SD1 (Fig. 1, A

and B). b2−/− mice exhibited significantly more

omissions than their WT littermates [F(1,27) =

12.45; P < 0.01] (Fig. 1A), whereas the level of

accuracy was not significantly different [F(1,27) =

2.56; not significant (NS)] (Fig. 1B). We found

no effect of genotype on any other measures,

such as number of initiated trials [F(1,27) = 1.99;

NS], number of premature responses [F(1,27) =

0.003; NS], correct response latency [F(1,27) =

2.03; NS], or latency to collect earned food pel-

lets [F(1,27) = 0.12; NS] (table S1), suggesting

that increased omissions reflected impairments

in stimulus detection processes in b2−/− mice

rather than motor or motivational deficits. b2−/−

mice and their WT littermates did not differ in

the number of food pellets earned by responding

to a single cue light nor in the maximal number

of responses in a progressive ratio for earning

food pellets (fig. S5). In contrast to b2−/− mice,

1Department of Integrative Neurophysiology, Center for Neuro-
genomics and Cognitive Research (CNCR), Neuroscience Campus
Amsterdam, VU University, 1081 HV Amsterdam, Netherlands.
2Department of Molecular and Cellular Neurobiology, CNCR,
Neuroscience Campus Amsterdam, VU University, 1081 HV
Amsterdam, Netherlands. 3Unité Neurobiologie Intégrative
des Systèmes Cholinergiques, Département de Neuroscience,
Institut Pasteur, F-75724 Paris cedex 15, France. 4CNRS,
URA2182, F-75724 Paris cedex 15, France.

*These authors contributed equally to this work.
†These authors contributed equally to this work.
‡To whom correspondence should be addressed. E-mail:
huibert.mansvelder@cncr.vu.nl

12 AUGUST 2011 VOL 333 SCIENCE www.sciencemag.org888

REPORTS

http://www.sciencemag.org/cgi/content/full/science.1208146/DC1
mailto:huibert.mansvelder@cncr.vu.nl
http://www.sciencemag.org
http://www.sciencemag.org/cgi/content/abstract/science.1208146


mice lacking a7 subunits of nAChRs (a7−/−)

exhibited similar levels of omission [F(1,35) =

0.10; NS] and accuracy [F(1,35) = 0.05; NS] as

their WT littermates [but see supporting online

material (SOM) text; Fig. 1, C and D; and table

S3]. To further characterize attentional deficits,

we compared performance in a variable stim-

ulus procedure, in which stimulus durations

were randomly decreased to 0.5 and 0.25 s

(fig. S6 and table S2). b2−/− mice made sig-

nificantly more omissions than WT mice at

every stimulus duration (fig. S6A and table

S2) but had similar accuracy and motivation

to earn food rewards (fig. S6B and fig. S5),

whereas no difference was observed between

a7−/− and WT animals (fig S6, C and D, and

table S4).

To further understand the specific role of

b2-containing nAChRs in mediating the effects

of endogenous ACh on cognition (21), we se-

lectively reexpressed the b2 subunit (22) in the

prelimbic area (PrL) of the mPFC of b2−/− mice.

The mPFC is critically involved in attentional

performance (23). We reexpressed b2 subunits

in combination with enhanced green fluorescent

protein (eGFP) by injection of the b2-eGFP

bi-cistronic vector (24, 25) into the PrL PFC

of b2−/− mice (KOVEC). As a control, we used a

lentiviral vector expressing eGFP only in b2−/−

mice (KOeGFP) and WT littermates (WTeGFP). Cor-

onal sections showing the site of lentivirus injec-

tion revealed that viral reexpression was selective

to the PrL of the mPFC (Fig. 2A). The efficacy

of this in vivo reexpression strategy was dem-

onstrated by confocal analysis showing that eGFP

colocalized with a neuronal marker (NeuN) in

KOVEC mice (Fig. 2A) and indicates efficient

transduction of b2-eGFP vectors in PrL neurons.

b2 subunits do not form functional nAChRs by

themselves but require nAChR a subunits to co-

assemble into functional receptors (26). There-

fore, in KOVEC mice not all eGFP-expressing

neurons will have b2*-nAChRs. Only in neurons

that express nAChR a subunits will lentivirus-

mediated expression of b2 subunits result in

functional nAChRs containing b2 subunits. We

thus made whole-cell recordings from eGFP-

expressing neurons in the three groups and tested

their response to ACh (Fig. 2, B to D). In

WTeGFP mice, locally applied ACh (1 mM)

induced inward currents with slow kinetics, char-

acteristic of b2*-nAChRs (Fig. 2D). These cur-

rents were strongly reduced by the antagonist

of b2*-nAChRs, dihydro-b-erythroidine [DHbE

1 mM; Student’s t test t(7) = –3.15; P < 0.05 (Fig.

2, D and E)]. KOeGFP neurons never showed slow

inward currents in response to ACh application

(Fig. 2D). Neurons in the mPFC of KOVEC mice

Fig. 1. b2-nAChR subunit is necessary for normal performance in 5-CSRTT. (A and B) Percentage
omission (A) and accuracy (B) of WT (n = 15, black) and b2−/− mice (n = 14, white) during baseline
training (SD1). **P < 0.01, Newman-Keuls post hoc test. (C and D) Percentage omission (C) and accuracy
(D) of WT (n = 12, black) and a7−/− mice (n = 25, white) during SD1. Data in all figures are shown as
mean T SEM.
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Fig. 2. Lentiviral restoration of functional b2*-nAChRs in the mPFC. (A)
Coronal section (1.9 mm from bregma) showing the injection site in the
prelimbic mPFC (left) and confocal images of acute coronal sections
showing neuronal eGFP (green) expression (red, NeuN) in KOVEC mice
and merged image (right). (B) Experimental setup. (C) Patched eGFP-
positive neuron. (D) Current traces recorded from WTeGFP (n = 9, black),

KOeGFP (n = 9, gray), and KOVEC (n = 9, red) neurons. ACh was locally
applied (1 mM, 100 ms) in control (left), in the presence of b2-containing
nAChRs antagonist, DHbE 1 mM (middle), or after 30 min washout (right).
(E) Summary of ACh-induced inward currents for WTeGFP (black) and
KOVEC (red). nAChR current amplitudes of WTeGFP and KOVEC neurons
were not statistically different.
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showed slow inward currents reminiscent of func-

tional b2*-nAChR responses [n = 9 of 17 EGFP-

positive neurons (Fig. 2D)]. These currents were

strongly reduced by DHbE [t(6) = –5.02; P <

0.01 (Fig. 2, D and E)], showing the success-

ful reexpression of functional b2*-nAChRs in

KOVEC mice.

We addressed the question of whether b2*-

nAChRs specifically in the PrL mPFC would

be sufficient for optimal attentional perform-

ance. We therefore tested whether impaired per-

formance of b2−/− mice was rescued by targeted

reexpression of the b2 subunit in the PrL mPFC.

Preliminary analysis before viral expression showed

comparable findings between the independent

batches of mice, with a significant increase in

omissions in b2−/− mice (fig. S7). One week after

virus introduction, WTeGFP, KOeGFP, and KOVEC

mice were retrained in the 5-CSRTT procedure

by using SD1 for 14 days before the effects of

lentiviral intervention were assessed.

At the end of these 14 days, WTeGFP and

KOeGFP animals performed at the same levels

as they showed before virus injection, but KOVEC

mice performed significantly better than before

injection (Fig. 3). The percentage of omission of

the three groups of mice was differentially af-

fected by lentivector injection [group effect F(2,30) =

10.73 and P < 0.001; injection time effect F(1,30) =

6.12, P < 0.05; group × injection time interaction

F(2,30) = 9.29; P < 0.001] (Fig. 3A). Although

KOeGFP mice made more omissions than WTeGFP

at each time point (WTeGFP versus KOeGFP, P <

0.01), both groups exhibited the same percentage

of omissions before and after virus injections

(NS, eGFP) and hence were not affected by

eGFP expression. Reexpression of b2 subunits

in the mPFC (KOVEC) significantly decreased

the percentage of omissions (KOVEC before

versus KOVEC after, P < 0.001). Moreover, the

rescue in KOVEC mice was complete, and these

mice reached the same number of omissions as

WTeGFP mice (WTeGFP versus KOVEC, NS) and

made significantly fewer omissions than KOeGFP

mice (KOeGFP versus KOVEC, P < 0.05). This

rescue effect was selective for omissions because

b2 reexpression had no significant effect on ac-

curacy [group effect F(2,30) = 1.92, NS; injection

effect F(1,30) = 2.42, NS; group × injection in-

teraction F(2,30) = 2.36, NS] (Fig. 3B) or any

other measures (table S5). This rescue effect was

also observed during a variable stimulus proce-

dure (fig. S9), as well as during a variable intertrial

interval procedure in which the stimulus pre-

sentations were temporally unpredictable (fig.

S10), further supporting the conclusion that b2-

subunit restoration in the PrL is sufficient for

proper attention performance. A similar rescue

effect of b2 reexpression in KOVEC mice was

observed in an independent group of animals

(fig. S11). After these behavioral experiments,

the mice were killed, and neuronal expression of

eGFP and functional b2*-nAChRs in the PrL

was confirmed. b2-subunit reexpression in the

anterior cingulate had no effect on omission

or accuracy (Fig. 3, C and D), in line with the

finding that cholinergic projections to the anterior

cingulate cortex are not involved in 5-CSRTT

performance (27).

Our findings show that expression of b2*-

nAChRs is necessary for optimal attentional per-

formance in mice and that restoring expression

of b2*-nAChRs in the mPFC PrL area is suf-

ficient for optimal performance. Nicotinic AChRs

containing b2 subunits are located on cell bodies

of neurons as well as on thalamocortical afferents

in the PrL PFC (16, 17). The latter have been

suggested to be involved in attention and pro-

cessing of sensory stimuli (17). The present study

reveals that restoration of b2*-nAChR receptors,

specifically in the PrL area of the mPFC, is suf-

ficient to restore the attentional deficit of b2−/−

mice to WT levels. Attentional control therefore

appears to be mediated by endogenous ACh act-

ing on b2*-nAChR receptors expressed by neu-

rons located within the PrL mPFC, although a

role for b2*-nAChRs on thalamic projections

cannot be entirely excluded on the basis of the

present results. Nevertheless, the nAChR system

in the PrL mPFC is a principal factor in atten-

tional control. Consistent with this, rapid changes

of ACh levels in mPFC are correlated with cue

attending and detection (14), an effect mainly due

to mPFC b2*-nAChRs stimulation (28). Our find-

ings have implications relevant for understand-

ing the neurobiology of attention and suggest

agonists or positive allosteric modulators at these

mPFC b2*-nAChRs within the PrL PFC as po-

tential targets for the development of more ef-

fective treatments for cognitive impairments.
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Schema-Dependent Gene Activation
and Memory Encoding in Neocortex
Dorothy Tse,1* Tomonori Takeuchi,1* Masaki Kakeyama,2 Yasushi Kajii,3 Hiroyuki Okuno,4

Chiharu Tohyama,2 Haruhiko Bito,4 Richard G. M. Morris1†

When new learning occurs against the background of established prior knowledge, relevant
new information can be assimilated into a schema and thereby expand the knowledge base. An
animal model of this important component of memory consolidation reveals that systems
memory consolidation can be very fast. In experiments with rats, we found that the
hippocampal-dependent learning of new paired associates is associated with a striking
up-regulation of immediate early genes in the prelimbic region of the medial prefrontal cortex,
and that pharmacological interventions targeted at that area can prevent both new learning
and the recall of remotely and even recently consolidated information. These findings challenge
the concept of distinct fast (hippocampal) and slow (cortical) learning systems, and shed new
light on the neural mechanisms of memory assimilation into schemas.

M
emory consolidation consists of two

processes. Cellular consolidation is me-

diated by synaptic and signal trans-

duction mechanisms that store newly encoded

memory traces on-line (1, 2). Systems consolida-

tion involves a time-limited interaction between

the medial temporal lobe and the neocortical

areas that eventually store long-term memory

traces (3–5). Studies monitoring cerebral glucose

use, immediate early gene (IEG) activation, and

dendritic spine formation (6–9) indicate that rap-

id on-line encoding of episodic-like memory in

the hippocampus can be followed by temporally

graded neural changes in the medial prefrontal

(mPFC), orbitofrontal (Orb), and retrosplenial

(RSC) cortices.

This apparent sequence of events does not

preclude the possibility of simultaneous encod-

ing or “tagging” in the hippocampus and cortex

(9, 10). Indeed, when systems consolidation oc-

curs in the presence of relevant prior knowledge

(11, 12), the “assimilation” of new paired-associate

(PA) memories into existing activated cortical

schemas proceeds very rapidly (13), reflecting

an influence of prior knowledge on the rate of

consolidation (14). The associative encoding of

such PAs requires the hippocampus (13, 15, 16),

accompanied by novelty-triggered cellular con-

solidation (17), but may also involve simulta-

neous cortical encoding. However, if parallel

cortical encoding into a schema occurs, it may

be driven solely in a bottom-up manner by the

hippocampus or may also reflect the influence

of activated prior knowledge already stored in

cortex.

Study 1 mapped IEG activation in numerous

brain areas of rats during both the retrieval of

original PAs and the learning of new PAs after

extensive prior training of a schema over many

weeks (fig. S1). Guided by the retrieval cue of

different flavors of food given in the start box

of an event arena on each of six daily training

trials, the animals learned to recall the location

of the appropriate sand well, where they were

rewarded by retrieving more of that same fla-

vored food. Once performance reached asymp-

tote over 6 weeks (fig. S2), a critical session of

retrieval and new learning was conducted.

The 21 trained animals were then divided

into three groups (Fig. 1A), to which a group of

seven caged control animals (group CC) was

added. One group had six trials with the original

set of PAs and thus had only to retrieve (group

OPA, i.e., original paired-associates). Another

group had four successive trials with the original

PAs and was then exposed to two new PAs that

we had shown (13) could be encoded and suc-

cessfully assimilated into the existing cortical

schema (group NPA, i.e., new paired-associates).

The third group was exposed to six new com-

binations of flavor and location that constituted

a set of six new PAs (group NM, i.e., new map).

Although this group was subjected to much great-

er “novelty,” it was in a manner that should not

allow successful cortical assimilation (timeline

in Fig. 1A). The performance during that single

session reflected these different conditions (Fig.

1B; latency data in fig. S3). After a further in-

terval of 80 min (optimized for IEG signal de-

tection of the neural correlates of the events of

trials 5 and 6), the animals were first given a

cued-recall test. This showed effective memory

for the new PAs in the NPA group but no

learning by the NM group (Fig. 1C). Brain sec-

tions were then prepared for histochemical anal-

ysis of two plasticity-associated IEGs—Zif268

(Egr1) and Arc (activity-regulated cytoskeleton-

associated protein) (18, 19). Quantitative blind

analysis of entire brain regions revealed a strik-

ing learning-associated increase in IEG expres-

sion in the prelimbic region (PrL) of the mPFC

that was nonmonotonic with respect to the ex-

tent of learning-associated novelty (Fig. 1, D

and E). IEG expression was highest in the NPA

rats for whom activated prior knowledge was

relevant to new PA information.

Detailed analysis revealed three broad pat-

terns of IEG activation (fig. S4 and tables S1

and S2). First, a group of cortical regions [PrL,

anterior cingulate (ACC), and RSC] showed the

same nonmonotonic pattern of higher Zif268

and Arc expression in group NPA as in groups

OPA and NM, despite the latter group being

exposed to greater novelty (Figs. 1E and 2A);

analyses of variance (ANOVAs) based on av-

erage values from all three regions showed a

significant inverted U-shaped effect (Fig. 2A).

Non-mnemonic aspects such as motivation were

excluded as contributing factors by analysis of

latency rather than choice (see fig. S3). Second,

and in contrast, area CA1 of the hippocampus

(Fig. 2B) showed a large increase in Arc ex-

pression in groups NPA and NM, with a mono-

tonic trend favoring the highest expression in

group NM; Zif268 levels were unchanged (see

also fig. S7). Third, certain cortical regions

showed little absolute change in IEG expres-

sion across the trained groups or relative to group

CC [including the primary somatosensory “barrel”

cortex (Ssp); Fig. 2C]. Barrel cortex was therefore

chosen as the control region for study 2.

In study 2, we sought to determine whether

the significant increase in both Zif268 and Arc

1Centre for Cognitive and Neural Systems, University of
Edinburgh, Edinburgh EH8 9JZ, UK. 2Laboratory of Envi-
ronmental Health Sciences, Center for Disease Biology and
Integrative Medicine, Graduate School of Medicine, Uni-
versity of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033,
Japan. 3Pharmacology Research Laboratories I, Mitsubishi
Tanabe Pharma Corporation, 1000 Kamoshida-cho, Aoba-ku,
Yokohama 227-0033, Japan. 4Department of Neurochemis-
try, University of Tokyo Graduate School of Medicine, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail: r.g.m.
morris@ed.ac.uk

www.sciencemag.org SCIENCE VOL 333 12 AUGUST 2011 891

REPORTS

http://www.sciencemag.org/cgi/content/full/333/6044/888/DC1
mailto:r.g.m.morris@ed.ac.uk
mailto:r.g.m.morris@ed.ac.uk
http://www.sciencemag.org
http://www.sciencemag.org/cgi/content/abstract/science.1207079


in PrL reflects parallel encoding of task-related

memory traces in cortex. Bilateral drug infusion

cannulae were stereotaxically implanted into PrL

and, as a within-subjects cortical control, into

barrel cortex. New animals were trained on the

initial schema over 6 weeks (PAs 1 to 6; see

figs. S9 and S10) and then subjected to an ex-

tensive series of within-subjects interventions

investigating the impact of blocking a-amino-

3-hydroxy-5-methyl-isoxazole-4-propionic acid

(AMPA) or N-methyl-D-aspartate (NMDA) re-

ceptors during both retrieval (Fig. 3) and new

learning (see Fig. 4 and table S3 for design).

Performance on PAs 1 to 6 was stable

throughout 6 months of training and testing (fig.

S10), and we assumed that the original schema

was fully consolidated in cortex. We first hy-

pothesized that interrupting excitatory neurotrans-

mission in the PrL region displaying the largest

IEG elevation in cortex in association with learn-

ing would disrupt the retrieval of original

PAs. Indeed, inactivation of PrL by 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX) prevented

successful retrieval, whereas control infusions

of CNQX into barrel cortex had no effect (Fig.

3A). Second, we asked whether the same would

be seen for new PAs that had been encoded only

24 hours earlier. If schema-dependent encoding

occurs in a network involving PrL, and if con-

solidation occurs rapidly against the background

of an existing schema, then disruption of fast

transmission might impair memory—even though

a hippocampal index trace (20) might still re-

main. CNQX inactivation of PrL blocked cued

recall of such newly stored PAs (Fig. 3B). Third,

in common with previous studies of olfactory,

spatial, and PA memory showing that NMDA

receptor–dependent activity is not required for

the retrieval of memory traces in the hippocam-

pus (15, 21), microinfusion of D(–)-2-amino-5-

phosphonovaleric acid (D-AP5) into the PrL

also had no effect on cued recall of both original

and newly stored PAs (Fig. 3, C and D).

Despite the hippocampal-dependent nature

of new PA encoding, we observed that blockade

of either AMPA receptor–mediated fast trans-

mission or NMDA receptor–dependent mecha-

nisms in the PrL at the time of learning impaired

consolidation (Fig. 4, A and B). The functional

inactivation caused by CNQX would, as shown

electrophysiologically (15), have lasted ~1 to 2

Fig. 1. Immediate early gene (IEG) activation in cortex during paired-
associate (PA) learning. (A) Design for the critical session shows behavioral
procedures across groups over 360 min (white, original PAs; pink, new PAs;
blue, trials for which Zif268/Arc protein was measured). Immediately after
testing, rats were transcardially perfused and their brains taken for IEG
analysis. T1 to T6, trials 1 to 6; recall, cued-recall test. (B) Choice performance
differed across groups and trials (Group × Trial interaction, F = 4.52, df =
2/18, P < 0.05); for trials 1 to 4, it was above chance at ~70% for groups
OPA and NPA (t test, Ps < 0.01 relative to chance) but at chance for group
NM [not significant (ns)]. Performance was high for trials 5 and 6 in group

OPA (P < 0.01) but at chance for the two new PAs of groups NPA and NM (ns).
(C) The cued-recall test showed that the new PAs of group NPA had been
learned effectively in one trial (P < 0.01 versus chance). In contrast, group
NM failed to learn (ns). (D) IEG expression in PrL (layers I to VI) for both
Zif268 and Arc. Scale bars, 100 mm. (E) The nonmonotonic increase of IEG
expression in PrL revealed a significantly different pattern of expression across
groups (Zif268: F = 6.24, df = 3/20, P < 0.01; Arc: F = 14.13, df = 3/24, P <
0.001), with group NPA differing from group CC (*) and the other trained
groups (†) [Ryan-Einot-Gabriel-Welsch Range (REGWR) test]. *,†P < 0.05;
**P < 0.01; ***,†††P < 0.001. Data are means T SEM.
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hours, barely extending into the systems con-

solidation time domain of hours to days. It is

therefore most logical to suppose that it interrupted

a necessary parallel encoding of traces within a

cortical network involving PrL. CNQX infusion

into barrel cortex had no effect (Fig. 4A).

We were concerned about the extent of a

brain region functionally affected by the vol-

umes of drug we used (0.5 ml bilaterally). This

was chosen, on the basis of pilot data, to affect a

high proportion of the volume of PrL, but it

may have been too little to affect much of the

barrel cortex that served as our control. As a

“positive” control, we therefore trained our ani-

mals on a separate runway “gap-crossing” task

that requires whisker sensation (22, 23). We es-

tablished that a larger infusion of CNQX into

barrel cortex (2.0 ml) is required to severely dis-

rupt this control task, but this still did not affect

new PA learning (fig. S12). Thus, the regional

dissociation in cortex is meaningful.

These findings indicate that the assimilation

of rapidly acquired new PA information into ex-

isting cortically based mental schemas is asso-

ciated with cortical encoding of information

during hippocampal-dependent learning, and

that this simultaneous encoding is essential for

long-term memory. First, when animals learned

two new PAs (group NPA), there was an im-

mediate up-regulation of two IEGs (Zif268

and Arc) in connected regions of the neocor-

tex previously implicated in remote memory

consolidation—PrL, ACC, and RSC (5). We

postulate that this likely reflects a top-down in-

fluence on IEG activation (14) because the

lower elevation of IEG expression in cortex of

group NM, which was no greater than that as-

sociated with memory retrieval (group OPA),

was commensurate with that group being unable

to incorporate new PAs into a nonexistent

cortical schema. In contrast, the relatively higher

Arc expression of group NM in hippocampus

Fig. 2. IEG activation in cortex and hippocampus. (A) We found a similar
pattern across a group of connected structures (PrL, ACC, and RSC) that,
considered together, showed an overall inverted U-shaped function across
groups for both Zif268 (F = 6.16, df = 3/20, P < 0.01) and Arc (F = 13.95, df =
3/24, P < 0.001). The individual region analyses were also significant (Zif268:
PrL data in Fig. 1E; ACC, F = 3.83, P < 0.05; RSC, F = 4.44, P < 0.05; Arc: ACC,
F = 14.00, P < 0.001; RSC, F = 7.70, P < 0.01). In each of these regions
considered in isolation, group NPA showed significantly higher IEG expression
than group CC and, particularly for Arc, higher levels than groups OPA and NM
(REGWR tests, P values displayed). (B) In the hippocampus, the trend across
groups with respect to area CA1 was, in contrast, a monotonic increase as a

function of novelty (i.e., highest in group NM). For Arc, this was highly sig-
nificant (F = 19.51, df = 3/24, P < 0.001); no significant group differences
were seen for Zif268 (F < 1, ns). Across the PrL, ACC, and RSC considered
together, the nonmonotonic pattern differed from the monotonic pattern shown
in CA1 (Region × Group interaction for Arc: F = 20.58, df = 3/24, P < 0.001).
(C) In barrel cortex (Ssp), no significant differences were seen across groups in
Zif268 (F < 1, ns), but the data for Arc showed a paradoxical groups difference
(F = 22.34, df = 3/24, P < 0.001), with groups OPA and NM being above
groups NPA and CC (Ps < 0.001). The numbers below each picture represent the
distance (in mm) from bregma. *P < 0.05 versus group CC; †P < 0.05 versus
trained group; **,††P < 0.01; ***,†††P < 0.001. Data are means T SEM.
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reflects greater novelty and new map learning

(24, 25). The lack of correlation between spatial

learning and Zif268 RNA expression has been

observed previously (18). Second, temporary

interruption of AMPA and NMDA receptors in

PrL during new PA learning resulted in a failure

of memory tested 24 hours later. This is

consistent with the idea that Arc activation is

necessary for memory consolidation (26), but we

now argue that hippocampal and cortical gene

activation events are equally required for schema

assimilation. Third, the cued recall of original and

new PA information required AMPA, but not

NMDA, receptor transmission in PrL at the time

of memory trace reactivation. These findings

complement similar data from human brain-

imaging studies concerning interactions among

the hippocampus, mPFC, and other cortex

regions (27–29). However, they differ in detail

from recent observations on “cortical tagging”

(9). That study showed an increase of c-Fos

expression in Orb 90 min after the encoding

of a socially transmitted food preference. Local

tetrodotoxin-induced interference of Orb impaired

recall 30 days after training but had no effect

either 1 or 7 days after training. Thus, a slower

temporal gradient of consolidation was seen in

these experimentally naïve animals.

One theory of systems consolidation contrasts

hippocampal fast learning with a slow-learning

neocortical system. These differential learning

rates were shown in computational modeling

to help prevent catastrophic interference of new

learning by old information (30). This view does

not predict IEG activation in cortex at the time

of behavioral learning; it is more in keeping with

the delayed up-regulation seen at remote time

points in previous studies (5). Nor does it pre-

dict that AMPA receptor– and NMDA receptor–

dependent encoding in PrL would be required

at the time of behavioral learning for memory

24 hours later, or that AMPA receptor activity

in PrL would be required for retrieval within

Fig. 3. Memory retrieval with and without cortical interference. (A) Retrieval of original PAs during
bilateral CNQX-induced inactivation of the PrL region of mPFC and barrel cortex. Control infusions of
NaCl. Inactivation of PrL selectively impaired retrieval of original PAs (Dig location × Drug × Brain
Region interaction: F = 11.42, df = 1/10, P < 0.01, Greenhouse-Geisser). Performance was at chance
for CNQX into PrL, and above chance for saline into PrL (P < 0.001) and CNQX/saline into barrel cortex
(Ps < 0.01). (B) A similar pattern was apparent for retrieval of new PAs (F = 5.33, df = 1.22/10.97, P <
0.05). (C and D) Infusion of D-AP5 had no impact on retrieval of original PAs (C) or new PAs (D), with
the ANOVAs showing no significant interactions between D-AP5 and saline conditions in either case. PT,
probe test. **P < 0.01, ***P < 0.001 versus chance. Data are means T SEM.

Fig. 4. Memory encoding of new PAs with or
without glutamate receptor blockade. (A) In-
activation of PrL with CNQX at encoding impaired
memory retrieval 24 hours later; no effect of
infusions into barrel cortex was observed [Dig
location × Drug × Brain region interaction: F =
13.16, df = 1.13/9.03, P < 0.01, Greenhouse-
Geisser; t tests showed above-chance digging in
the probe test 24 hours after encoding for the
control conditions (Ps < 0.01) but not for CNQX
into PrL (P > 0.05)]. (B) The same bilateral
infusions of D-AP5 that had no impact on retrieval
of new PAs (Fig. 3D) did impair acquisition when
given at the time of memory encoding (Dig
location × Drug interaction: F = 9.86, df = 1.25/9.98,
P < 0.01; t tests showed a similar pattern for CNQX,
Ps < 0.001 and ns, respectively). PT, probe test.
**P < 0.01, ***P < 0.001 versus chance. Data are
means T SEM.

12 AUGUST 2011 VOL 333 SCIENCE www.sciencemag.org894

REPORTS

http://www.sciencemag.org


24 hours of hippocampal-dependent learning.

It also predicts that the rapid rate of consolida-

tion that we observed might have caused at

least a mild disruption of memory retrieval for

original PAs, but original PAs continued to be

recalled well.

A second idea, multiple trace theory (31),

supposes that multiple traces of single-trial epi-

sodic events are encoded in both cortex and hip-

pocampus. Our observation of parallel encoding

of new PAs in a cortical network involving PrL,

ACC, and RSC fits with this idea; however,

multiple trace theory predicts that cortical traces

may be sufficient for later retrieval but should

not be necessary, given that hippocampal traces

would be available. Multiple trace theory might

accommodate assimilation into a schema as a

form of “semanticization”; in that case, assimi-

lation would exclusively involve cortical learning

(32). However, this account would have to ac-

commodate our previous observations from le-

sion and pharmacological studies (13, 16) that the

hippocampus remains essential for future learn-

ing of new PAs. Once a schema is acquired, as-

similation of new information in our protocol may

indeed represent an instance of hippocampal-

dependent “semantic” rather than “episodic-like”

learning within a single trial; our cued-recall test

does not involve a temporal component (33).

Both the standard hypothesis and our sche-

ma hypothesis of systems consolidation (3, 4, 34)

require simultaneous cortical encoding or “cor-

tical tagging” (9). Models of reconsolidation

involving memory updating are also relevant

(29, 35, 36). Disconnected items of detailed in-

formation can be encoded in parallel in the neo-

cortex at the same time as an index trace of

paired association is encoded in the hippocam-

pus (20), but with immediate IEG activation in

cortex regulated in part by the relevance of the

new information being processed in the hippo-

campus to an existing cortical schema. According

to this version of parallel encoding, systems con-

solidation may be partly regulated in a top-down

manner (14, 29), enabling relevant new PAs to

be assimilated into a schema. Recent data on

effective connectivity between cortical regions

in humans are in keeping with this view (28).

The necessity for NMDA receptor–dependent

mechanisms in specific areas of cortex (e.g.,

PrL) is also consistent with neural plasticity in

cortex being vital at the time of learning. Our

hypothesis also correctly predicts that after rapid

consolidation, blockade of neural activity be-

tween these connected cortical structures would

disrupt memory retrieval, as the hippocampal

index trace would, on its own, be insufficient

for effective retrieval.

Connections from the hippocampus to mPFC

display long-term potentiation (37), and mPFC

interacts with the hippocampus in the acquisition

of object-place associations (10, 38). Coherence

in the theta-frequency band between mPFC and

the hippocampus is observed during working-

memory tasks (39, 40), which our PA task also

entails as the animals move about the arena to

find locations in space that have been recalled by

the flavor cue. Intrinsic dynamical oscillations

may also be important for integration of cortical

circuit performance (41), for episodic-like mem-

ory (42), and during the learning of schemas or

their later reactivation (43, 44). Thus, the op-

portunity to learn about the neural basis of cor-

tical schemas of knowledge is opening up and,

as it does so, the use of experienced animals

possessing activated cortical networks of prior

knowledge points to new ways of thinking about

systems consolidation and reconsolidation.
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NEW PRODUCTS

 AAAS/Science Business Office Feature

DRY GEL LOADING DYE
Dye Dots Dry Gel Loading Dye eliminates a time-consuming step 

in the gel loading process, removes the potential for sample loss 

or mix-up, and reduces pipette tip waste. Dye Dots are the fi rst gel 

loading dye available in dry, ready-to-use aliquots that resolubilize in 

seconds, eliminating the need to use parafi lm for preparing sample 

aliquots for gel loading. Dye Dots are composed of a patent-pending 

formulation that enables rapid reconstitution upon application of a 

DNA or RNA sample and immediate loading into non-denaturing TAE 

and TBE agarose gels. Dye Dots Dry Gel Loading Dye is conveniently 

arranged in a low-profi le plate containing 72 aliquots. Dye Dots are 

compatible with all types of DNA and RNA samples. 

MO BIO Laboratories 

For info: 800-606-6246       www.mobio.com 

LABORATORY REACTION SYSTEM 
The ReactoMate Compact is a small, safe, and super-stable labora-

tory reaction system. Complementing the ReactoMate Standard and 

Super Support systems, the new Compact model accommodates 

jacketed reactors from 50 ml to 5,000 ml and delivers precise con-

trol of reaction variables to mimic conditions in much larger plant 

vessels. The ReactoMate Compact is constructed using stainless 

steel components for excellent stability and the standard operating 

temperature range is -60ºC to 190ºC. Larger vessels, 3,000 ml to 

5,000 ml, can be supported at the bottom as well as at the top for 

superior strength and safety. Setup is simple and the space-saving 

design ensures that the unit takes up as little space as possible in 

a standard fume cupboard while providing convenient access to the 

reaction vessel. The ReactoMate Compact is part of a comprehen-

sive system that includes a stand, a choice of single and double-jack-

eted vessels (glass, steel, Hastelloy, or polytetrafl uoroethylene), and 

ancillary equipment. 

Asynt

For info: +44-(0)-1638-781709      www.asynt.com

PCR-FREE DNA SEQUENCING KIT 
The NEXTfl ex PCR-Free DNA Sequencing Kit is the only commer-

cially available kit that completely eliminates the need for amplifi -

cation during library prep. Using specially designed master-mixed 

enzymes, the NEXTfl ex PCR-Free DNA Sequencing Kit enables bet-

ter read-mapping and a reduc tion in duplicate sequences leading to 

reduced sequence cost, more representative base identities, and 

better de novo assembly. This kit features enhanced adapter ligation 

technology, which results in library preps with a larger number of 

IMAGING FLOW CYTOMETER
The FlowSight is a compact and affordable 12-channel fl ow cytometer with 

unrivalled fl uorescence sensitivity and the breakthrough ability to produce 

imagery of every cell. The modular FlowSight can be upgraded in the factory 

or the fi eld with up to four lasers, a 96-well AutoSampler, and a Quantitative 

Imaging package, thereby providing the capabilities and fl exibility to meet the 

needs of a broad range of users. With 12 detection channels, visual verifi cation of 

every cell, and affordable pricing, the FlowSight is designed to serve the needs 

of beginners and expert fl ow cytometrists. The FlowSight complements Amnis’ 

fl agship ImageStreamX imaging fl ow cytometer, a high resolution microscope 

for cells in fl uid suspension that enables numerous image-based assays in 

rare subpopulations. The FlowSight is based on the proven ImageStreamX  

architecture and shares its remarkable fl uorescence sensitivity, exceeding that 

of high-end conventional fl ow cytometers by fi ve-fold or more.

unique sequencing reads. The NEXTfl ex PCR-Free DNA Sequencing 

Kit also simplifi es workfl ow by using master mixed reagents and 

magnetic bead-based cleanup, reducing pipetting, and eliminating 

time-consuming steps in library preparation. In addition, the availabil-

ity of up to 48 unique adapter barcodes makes this one of the most 

high throughput kits available.

Bioo Scientifi c 

For info: 888-208-2246      www.biooscientifi c.com

FLUID BED DRYER
The Model 501 Programmable Fluid Bed Dryer provides a conve-

nient lab-scale method of rapid moisture reduction/removal at rela-

tively low temperatures. Multiple confi gurations and microprocessor 

control ensure complete fl exibility for a wide range of applications. 

The Fluid Bed Dryer delivers a high airfl ow rate, breaking up wet 

samples and ensuring vigorous mixing so that drying is not only fast 

but uniform. Microprocessor control of the airfl ow, inlet air tempera-

ture, and drying period, and a temperature/humidity probe within 

the tub assembly, enable all stages of the drying process to be pro-

grammed, monitored, and analyzed. Offering a maximum sample 

capacity of 5 kg, the Model 501 is compatible with both glass and 

stainless steel drying tubs of various volumes, and with a range of 

inlet and outlet fi lters and other accessories. This versatility makes it 

possible to dry hundreds of different sample types as well as carry 

out mixing, granulation, and other processes. 

Sherwood Scientifi c

For info: 44-(0)-1223-243444      www.sherwood-scientifi c.com

SPECTROPHOTOMETER
The new SpectroArt 252 Spectrophotometer replaces the success-

ful SpectroArt 200 model and is the ideal spectrophotometer for ev-

eryday biolaboratory needs. The new 252 is equipped with a high 

throughput Xenon fl ash light source providing a wide-range scanning 

wavelength from 200 nm to 800 nm with a high resolution narrow 

spectral bandwidth (3 nm). Its compact exterior design with 5.7-

inch large-scale touch screen display makes the SpectroArt 252 ex-

tremely user-friendly. Intelligent software coupled with protein/DNA 

concentration determination, whole spectrum scanning, and single 

wavelength measurement, makes SpectroArt 252 suitable for many 

bioscience applications. When fi tted with an ultramicro volume cu-

vette, SpectroArt 252 can be used to measure sample volumes as 

small as 0.7 μl. 

Wealtec Europe

For info: 0843-289-4552      www.wealteceurope.com

Amnis Corporation

For info: 800-730-7147      www.amnis.com
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We now have an exciting opportunity

for a Scientific & English Editor at

Taiwan’s premier research institution.

Responsibilities include substantive

editng of manuscripts for publicaton in

internatonal scientfic journals. Applicants

should have a Ph.D. degree in Life Sciences

(preferably molecular biology, cell biology

or related areas), excellent literary skills,

and a good attention to detail. The

selecton process will start on 15 August

2011 and continue until the position is

filled. We offer a compettve salary with

benefits in a pleasant work environment.

Applicants should send their resume and

cover leter, statng their earliest availability

and describing their suitability for this

positon to:

Vivi Chiang, Insttute of Molecular

Biology, Academia Sinica, Nankang,

Taipei, Taiwan 11529.

E-mail: vivi@imb.sinica.edu.tw

Scientfic & English Editor

INSTITUTE OF MOLECULAR BIOLOGY

ACADEMIA SINICA, TAIPEI, TAIWAN

POSTDOCTORAL RESEARCH POSI-

TION is immediately available within the
BarrowALSResearch Center at the Barrow
Neurological Institute and St. Joseph’s Hos-
pital and Medical Center to investigate the
functional role of candidate biomarkers in
amyotrophic lateral sclerosis (ALS).Appli-
cantsmust have experience inmolecular and
cell biology and an interest in neuroscience.
Applicants should be able to work with a
team of scientists and have the ability and
motivation tomake independent intellectual
contributions. Current projects include the
study of extracellular matrix proteins, cyto-
skeletal proteins, and RNAbinding proteins
in modulating motor neuron cell death.

Send cover letter describing research experi-
ence and interests, curriculum vitae and 3
references to Robert Bowser, PhD, Divi-
sion of Neurology, Barrow Neurological

Institute, St. Joseph’s Hospital andMedi-

cal Center, 350WestThomasRoad, Phoe-

nix,AZ85013.Robert.bowser@gmail.com
and apply online at http://www.stjosephs-
phx.org/index.htm.

An Affirmative Action/Equal Opportunity
Employer.

INVESTIGATOR, TUMOR STROMAL AND
MICROENVIRONMENTAL INTERACTIONS

The Dana-Farber Cancer Institute is seeking an independent laboratory-based investigator
with a focus on stromal/microenvironmental interactions in tumor biology. This position,
supported by the Ludwig Center at Dana-Farber/Harvard Cancer Center, will be housed
within the Division of Molecular and Cellular Oncology in the Department of Medical
Oncology at the Dana-Farber Cancer Institute. Candidates with MD, MD-PhD, or PhD
degree(s), will be considered for Assistant or Associate Professor academic rank at Harvard
Medical School through the Department of Medicine of the Brigham and Women’s
Hospital. The successful candidate will have a strong track record in studying the
interactions of tumor cells with their microenvironment, with particular emphasis on
drug-resistance or sensitization induced by non-malignant accessory cells. Additionally,
it is preferred that the candidate have prior experience in the development and
application of in vitro and in vivo preclinical models to simulate clinically relevant tumor-
microenvironment interactions, as well as a demonstrated capacity to perform studies
across both hematologic malignancies and solid tumors. It is envisioned that this
investigative position will interact extensively with the recently founded Center for
Novel Experimental Therapeutics (C-NExT) at Dana-Farber Cancer Institute. Therefore
extensive prior experience in experimental therapeutics and design of combination
anticancer regimens, with successful translation from the bench to clinical studies and,
ideally, FDA approval, is preferred.

Applicants should forward a letter of intent and professional goals along
with a CV and names of three key references to: George D. Demetri, MD –
Chair, Search Committee and Director, Ludwig Center at Dana-Farber/
Harvard Cancer Center, Dana-Farber Cancer Institute, 450 Brookline Avenue,
Boston, MA 02215; Email: gdemetri@partners.org.

Dana-Farber Cancer Institute/Harvard Medical School are Equal Opportunity/Affirmative Action Employers
actively committed to increasing the diversity of our faculty: women and members of underrepresented

minority groups are therefore strongly encouraged to apply.
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Tracy Holmes
Worldwide Associate Director
Science Careers
Phone: +44 (0) 1223 326525

UNITED STATES & CANADA

E-mail: advertise@sciencecareers.org
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Midwest/West Coast/
South Central/Canada
Phone: 202-326-6577

Elizabeth Early
East Coast & Industry
Phone: 202-326-6578

Marci Gallun
Sales Administrator
Phone: 202-326-6582

Online Job Posting Questions
Phone: 202-312-6375

EUROPE & REST OF WORLD

E-mail: ads@science-int.co.uk
Fax: +44 (0) 1223 326532

Alex Palmer
Phone: +44 (0) 1223 326527

Susanne Kharraz
Phone: +44 (0) 1223 326529

Lisa Patterson
Phone: +44 (0) 1223 326528

JAPAN

ASCA Corporation
Phone: +81-3-6802-4616
Fax: +81-3-6802-4615
E-mail: mhara@aaas.org

CHINA & TAIWAN

Ruolei Wu
Phone: +86-1367-1015-294
E-mail: rwu@aaas.org

For full advertising details, go to
ScienceCareers.org and click For Employers,

or call one of our representatives.

All ads submitted for publicationmust comply
with applicable U.S. and non-U.S. laws. Science
reserves the right to refuse any advertisement
at its sole discretion for any reason, including
without limitation for offensive language or
inappropriate content, and all advertising is
subject to publisher approval. Science encour-
ages our readers to alert us to any ads that
they feel may be discriminatory or offensive.

ScienceCa
reers

Advertisin
g

mailto:vivi@imb.sinica.edu.tw
mailto:Robert.bowser@gmail.com
http://www.stjosephs-phx.org/index.htm
http://www.stjosephs-phx.org/index.htm
mailto:gdemetri@partners.org
http://sciencecareers.org
mailto:advertise@sciencecareers.org
mailto:ads@science-int.co.uk
mailto:mhara@aaas.org
mailto:rwu@aaas.org
http://ScienceCareers.org


For a list of eligible partner countries, application forms, notes for applicants and details of specific application deadlines

please visit: www.nato.int/science

Completed applications should be sent to:
SPS Programme, Emerging Security Challenges Division, NATOHQ, Blvd Leopold III – 1110 Brussels – Belgium.
or e-mailed to: sps.applications@hq.nato.int

➯ Projects: Multi-year Science for Peace

projects – SfP: grants to collaborate

on multi-year applied research and

development projects in Partner or

Mediterranean Dialogue countries.

➯ Workshops: Advanced Research

Workshops – ARW: expert workshops

aimed at identifying directions for future

action.

➯ Training: Advanced Training Courses –

ATC: courses in which specialists share

their expertise with trainees from Partner

and Mediterranean Dialogue countries;

and Advanced Study Institutes – ASI: high-

level tutorial courses to convey the latest

developments in a subject to an advanced

audience.

Submitted applications for the above listed

mechanisms should be related to the following

topics under the SPS Key Priorities:

Defence against terrorist threats

Explosives detection

Cyber security

Border and port security

Study of human factors in defence against

terrorism

Defence against chemical, biological,

radiological and Nuclear (CBRN) agents

Detection of and protection against CBRN

Decontamination, destruction, and disposal of

CBRN agents

CBRN decontamination of food

Countering other threats to security

Energy security

Environmental security

Detection and clearance of landmines and

unexploded ordinances

Human and societal dynamics of terrorist

actions

Economic impact of terrorist actions

New challenges for global security

NATO’s New Strategic Concept of 2010 is a strategic road map towards confronting the new

security challenges like Counter Terrorism, Energy Security and Cyber Defence. To meet

these security challenges, NATO looks for contributions from experts from the academic

world; in both NATO and partner countries.

The Science for Peace and Security (SPS) Programme, part of NATO’s recently created Emerging

Security Challenges Division, awards grants from between € 25,000 to € 250,000 to encourage

and facilitate partnerships between experts and provide a cooperative forum for scientists to do

research on the new security challenges facing the allies and their partners.

Participation in the SPS Programme enables experts to assist in the development of innovative

solutions to today’s security environment, as well as initiating partnerships with their peers in NATO

and partner countries.

NATO’s SPS Programme invites interested scientists and experts from NATO and partner countries

to submit applications for the following mechanisms:
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Department of Veterinary Medicine - Institute of Immunology invites applications for a

Junior Professorship in Veterinary Immunology
with a Focus on Infection Immunology of Livestock
The successful applicant will be required to conduct research and teach in the area named
above.

Appointment requirements are governed by article 102a of the Berlin Higher Education
Act (Berliner Hochschulgesetz). A doctoral degree in a natural science discipline (Dr.
med. vet., Dr. med., Dr. rer. nat. or Ph.D.) is required for a successful application.

The successful candidate will also have an outstanding track record of university teaching
and multiple years of research in veterinary immunology with a focus on molecular and
cellular mechanisms of congenital and acquired immunity of farm animals, preferentially the
porcine. A strong international component of the applicant is desirable as is a background in
parasite-host models relevant to veterinary medicine. Expertise in immunological diagnostics
is preferred. Applicants should have profound knowledge of state-of-the-art methods in
immunology and cell biology reflected by outstanding publications in high-profile international
journals. Candidates need to have experience with applying for and managing externally
funded research projects, particularly in international contexts.

The appointee will be expected to establish and head her or his own research group, for
which external funding will need to be raised independently. The junior professor will need
to provide diagnostic services. Responsibilities also include providing support and mentoring
of doctoral students working on their Dr. med. vet. or Ph.D. degrees, necessitating involvement
within the Dahlem Research School.

The junior professor will be appointed as a civil servant for an initial duration of three years.
Provided that her or his performance is thereafter evaluated positively, employment may
be extended for three more years.

Applications quoting the reference code W1/05/080288 should include evidence of edu-
cational competence and must be received no later than September 16th, 2011 at Freie
Universität Berlin, Dekan des Fachbereichs Veterinärmedizin, Oertzenweg 19b, 14163
Berlin, Germany.

Application guidelines and general information on the appointment procedure as well as
requirements for junior professorships at Freie Universität Berlin can be found at:
www.fu-berlin.de/praesidialamt
For additional details, please visit www.fu-berlin.de and www.vetmed.fu-berlin.de.

Come work with us!

Faculty Positions at The McGovern Institute
for Brain Research at MIT

The McGovern Institute is seeking two faculty members at
the Assistant Professor level. The Institute’s focus is systems
neuroscience with emphasis on the neural basis of perception,
cognition, and action. The candidates will have a research focus
in any of these three areas, using either human subjects or animal
models. We would regard it as a plus if a candidate’s work bridges
levels using a variety of tools and/or a candidate were interested in
translating basic research findings into new ideas for studying the
pathophysiology or treatment of brain disorders.

The mission of the McGovern Institute is to understand the relationship
of neuronal processes, circuits and computations to behavior,
ultimately providing benefits to human health and welfare. Research
in the McGovern Institute is expected to help people with brain
disorders ranging from sensory system impairments to movement
disorders and emotional and cognitive disorders. McGovern Institute
scientists have many opportunities for collaboration. They are
appointed through an MIT department and will have teaching
responsibilities on behalf of this home department.

Applicants should submit a CV, a summary of current and proposed
research programs, a publication list, and should arrange for three
letters of recommendation to be sent via Academic Jobs Online
(https://academicjobsonline.org/ajo/jobs/815). Please indicate
in your cover letter which research
model you are using, animal or
human. Consideration of applications
will begin October 15, 2011. For more
information please visit our website at
http://web.mit.edu/mcgovern.

MIT is an affirmative action employer, and
we encourage applications from women and
underrepresented minorities. http://web.mit.edu

Department of Health and Human Services
National Institutes of Health

Office of the Director

The Office of Strategic Coordination (OSC) in the Division of Program
Coordination, Planning, and Strategic Initiatives (DPCPSI) within the Office
of the Director of the National Institutes of Health (NIH) and the Department
of Health and Human Services in Bethesda, MD, is seeking applicants for a
Health Scientist Administrator (HSA) position to serve as a Program Leader
for the NIHCommon Fund Research initiatives. These cross cutting initiatives
are designed to accelerate research and the transfer of research findings to the
health care profession and the public.

The ideal candidate for the ProgramLeader position will be a seasoned scientist
with extensive grants experience; have excellent oral, written, and interpersonal
skills; have the ability to provide scientific and administrative oversight of
programs and projects; and have the desire and ability to lead diversified teams
of scientific professionals. Professional experience in Human/Mammalian
Genetics and/or Genomics is a plus!

Applicants for these positionsmust have a Ph.D. (or equivalent doctoral degree),
and appropriate experience in health or health-related science fields. Salaries
are commensurate with experience and full benefit packages (including retire-
ment, health, life, long term care insurance, Thrift Savings Plan participation,
etc.) are available.

The candidates can view the detailed vacancy announcement alongwithmanda-
toryqualification andapplicationprocedures on theUSAJOBSwebsite.Toobtain
copies of these announcements, please visit: http://www.usajobs.opm.gov. This
vacancy is currently posted under announcement numbers NIH-OD-DE-11-
505911 (Open to all US citizens) and NIH-OD-MP-11-511403 (Status candi-
dates only). Applications must be received by August 21, 2011.

For more information about this Office and its initiatives, please visit the OSC
website at http://commonfund.nih.gov.

The DHHS and NIH are Equal Opportunity Employers. Applications from
women and minorities are strongly encouraged.

FACULTY POSITIONS
Department of Chemistry and Biochemistry

The Department of Chemistry and Biochemistry at Texas State University
- SanMarcos seeks to fill two tenure-track positions in analytical, organic, or
biochemistry to begin in the fall of 2012. To be eligible for hire, candidates
must have a Ph.D. in chemistry, biochemistry, or any of the physical or bio-
logical sciences and have postdoctoral or equivalent experience. Applicants
at all ranks will be considered. Successful candidates will be expected to
maintain a vibrant externally funded research program involving undergradu-
ate and graduate students, and teach either organic (job posting #2012-9)
or analytical (job posting #2012-10) chemistry. Preference will be given to
candidates whose areas of expertise complement the department’s research
mission and who can effectively mentor biochemistry students.

Texas State University- San Marcos is located in the burgeoningAustin-San
Antonio corridor at the edge of the hill country, and is the 5th largest campus
in Texas with more than 32,500 students. The Department of Chemistry
and Biochemistry currently has 20 faculty, 30 graduate students, and 350
undergraduate majors who are required to participate in research. For more
information, please visit www.txstate.edu/chemistry.

Applicants should submit a cover letter that clearly indicates the rank and
job posting for which they are applying, CV, a summary of research plans,
unofficial undergraduate and graduate transcripts, the contact information for
three references, and a one-page description of their experience and quali-
fications to teach organic and/or analytical chemistry to: Faculty Search
Committee, Department of Chemistry and Biochemistry, 601 University

Dr., San Marcos, TX 78666. In order to ensure full evaluation, packages
must be received by October 15, 2011.

Texas State University - San Marcos is an Equal Opportunity Employer;
women and members of underrepresented minorities and individuals with

disabilities are encouraged to apply.
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A Passionate Commitment

to Neuroscience

Johnson & Johnson Pharmaceutical

Research & Development, L.L.C. has a

longstanding, continued commitment to

neuroscience. Our vision is to reduce the

burden, disability and devastation caused

by serious neuropsychiatric diseases and

pain. Our research and development work

in neuroscience is organized by neurology,

psychiatry and pain. We embrace a shift

from a diagnose and treat approach to

a predict and pre-empt paradigm, using

state-of-the-art science.

Our strategy for discovery of new

neurobiological mechanisms and

medicines focuses in part on the

emerging pharmacological texture of

synaptic receptors, ion channels and their

associated subunits. To expand upon this

exciting science, we now seek outstanding

individuals at the scientist, associate, and

postdoctoral levels to study the synaptic

pathophysiology of psychiatric illnesses and

to develop transformational therapies.

David S. Bredt, M.D., Ph.D., Global Head

of Neuroscience Discovery is heading up a

new team at Johnson & Johnson PRD, L.L.C.

that will employ state-of-the-art science

and technology to define the composition,

function and plasticity of synaptic signaling

complexes and translate these insights

into novel approaches for neuropsychiatric

therapeutics. These positions will interface

with the multidisciplinary departments at our

campus in La Jolla, CA, and with colleagues

around the world. These scientists will

innovate at the interfaces of cellular

neurobiology, molecular imaging, systems

neuroscience and pharmacogenomics.

To gain additional information about these

positions and to apply online please visit:

careers.jnj.com

© Johnson & Johnson Services, Inc. 2011. Johnson & Johnson Services, Inc. is a member of the Johnson & Johnson Family of Companies. Johnson & Johnson companies are equal opportunity employers.

What type of mark will you make?

Johnson & Johnson Pharmaceutical Research & Development, L.L.C., a member of the Johnson & Johnson Family

of Companies, is recruiting for several positions located in La Jolla, CA as noted below.

Req Numbers:

2388110624

2270110624

2349110624

2387110627

2350110624

2299110624

Head, Department of Biomedical Sciences
www.med.umn.edu/duluthcampus

The University of Minnesota Medical School Duluth, a campus of the University of Minnesota Medical School, invites applications and nominations for the position
of Head of a newly created Department of Biomedical Sciences. The Department of Biomedical Sciences is being created via the merger of several basic science
departments. The department is a key element of a new strategic plan for the University of Minnesota Medical School Duluth that more closely aligns the research
efforts of the school’s departments with the educational mission of our school to train rural and Native American physicians and serve the health needs of rural and
Native American communities. The Head of Biomedical Sciences is expected to play a significant role in overseeing and establishing a vigorous new Biomedical
Sciences department.

Qualifications:

Required Qualifications:
• Ph.D., M.D., or equivalent degree in a biomedical sciences field.
• A significant publication and external funding record.
• Record of achievement that meets the standards for tenure and rank as set by the Medical School’s promotion and tenure policy.
• Experience teaching health professional and graduate students.
• Excellent verbal and written communication skills.

Preferred Qualifications:
• History of distinguished research achievement, employing translational basic science, clinical, or population-based approaches to addressing health issues relevant
to rural or Native American populations. Examples of health issues relevant to these populations include, but are not limited to, heart disease, hypertension, type
two diabetes, obesity, kidney disease, respiratory disease, neurodegenerative diseases such as Alzheimer disease and Parkinson disease, stroke, cerebrovascular
disease and cancer.

• Demonstrated ability to effectively lead and manage an academic or research program.
• Experience mentoring faculty and students.
• Ability to work cooperatively across programs and campuses for common goals.
• Demonstrated commitment to serving individuals from diverse backgrounds.

Applications and Nominations:

Applications, nominations and questions should be addressed to:
Eileen P. Blake

Alexander, Wollman & Stark

eblake@alexanderwollmanstark.com

610-399-5284 Telephone

610-399-5285 Fax

Interested candidates should send a current CV and Letter of Interest. All communications will be held confidential. Electronic submission is preferred.

The University of Minnesota shall provide equal access to and opportunity in its programs, facilities, and employment without regard
to race, color, creed, religion, national origin, gender, age, marital status, disability, public assistance status, veteran status, sexual orientation,

gender identity, or gender expression.
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Read inspiring stories of

women working in “Green

Science” who are blending

a unique combination of

enthusiasm for science and

concern for others to make the

world a better place.

This booklet is brought to you by the AAAS/Science Business Office
in partnership with the L’Oreal Foundation

Download this free booklet
ScienceCareers.org/LOrealWiS

WOMEN IN SCIENCE
forging new pathways in green science

BASIC SCIENCE FACULTY

FOR NEW FOUR-YEAR MEDICAL

SCHOOL CAMPUS

The Temple University School of Medicine at West
Penn Allegheny Health System is a new four-year
medical school campus in Pittsburgh, PA, to open
in 2013, that is recruiting 14 faculty members for the
following disciplines: Anatomy, Biochemistry, Genetics,
Immunology, Microbiology, Neuroscience, Pharmacology
and Physiology. Academic rank will be commensurate with
training and experience. Faculty may serve as full-time
teachers or may engage in a combination of teaching
and research.

Candidates should be successful educators and possess
an MD, DO, MD/PhD, PhD or EdD. WPAHS is an equal
opportunity employer with a competitive salary and bene�t
package. Please send your resume in con�dence to: Elliot
Goldberg, MD, Sr. Associate Dean, Temple University
School of Medicine, Vice President, Undergraduate
Medical Education, West Penn Allegheny Health System,
320 East North Avenue, Pittsburgh, PA 15212, or via
email at: LSLADE@WPAHS.ORG or apply online at:
WWW.WPAHS.ORG
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www.ntu.edu.sg

Nanyang Technological University (NTU) is an internationally renowned
tertiary education institution. NTU, together with its predecessor, Nanyang
University, has offered university education in Singapore since 1955. NTU
boasts a strong engineering college that is ranked among the best
globally. Committed to our mission of educating leaders and advancing
knowledge for Singapore and beyond, we have built global programs and
established strong links with leading institutions around the world. NTU’s
200-hectare campus is among the most advanced in the academic
world. The campus now houses 33,000 undergraduate and postgraduate
students, and 3,300 teaching and research staff.

1. CAREER OPPORTUNITIES IN THE SCHOOL OF CHEMICAL
AND BIOMEDICAL ENGINEERING

The chemical and biomedical industries in Singapore have seen very
healthy growth in recent years. With the increasing demand for chemical
engineers and bioengineers, a School of Chemical and Biomedical
Engineering has been established in NTU. The School, comprising
Division of Chemical and Biomolecular Engineering and Division of
Bioengineering, aims to empower a generation of graduates with new
perspectives in engineering practices to meet the challenges of the
chemical and biomedical industries around the globe.

Tenure-track Assistant Professor /
Associate Professor/Professor Positions

The School invites applications for tenure-track faculty appointments at
the Assistant, Associate or Full Professor level in:

Chemical and Biomolecular Engineering
Candidates must have at least a B.Sc. or B.Eng. in Chemical Engineering,
a Ph.D. in Chemical Engineering or other closely related areas from reputable
universities. Research expertise is required in one of the following areas:
Process Systems Engineering, Product and Process Design, Pharmaceutical
Engineering, Polymers and Soft Materials, and Separations Technology.
Creative and energetic individuals who show extraordinary promise or
accomplishment in other related areas will also be considered.

Bioengineering
Candidates must have at least a B.Sc. or B.Eng. in Life Sciences,
Mechanical Engineering, Electrical Engineering, Computer Science/
Engineering or Bioengineering, a Ph.D. in Bioengineering or other
closely related areas from reputable universities. Research expertise is
required in one of the following areas: Biomechanics, Bioimaging,
Biomedical Devices, Tissue Engineering, Biomaterials, Systems Biology,
Computational Biology and Bio-nanotechnology.

In addition to the qualifications and research expertise, candidates should
have interests in undergraduate and graduate teaching, a track record of
excellent publications and preferably successful grant applications.

Lecturer / Senior Lecturer Positions

The School invites applications for multiple non-tenure track lecturer and
senior lecturer positions. Duties will include teaching starting January 2012
in core chemical engineering / bioengineering courses, elective courses or
final year design projects relevant to the semiconductor / petroleum /
pharmaceutical / healthcare / biomedical industry.

Candidates must have at least a B.Sc. or B.Eng. in Chemical Engineering,
Bioengineering or other closely related areas, a Ph.D. or Master degree in
relevant disciplines from reputable universities. In addition, candidates must
have demonstrated teaching excellence in undergraduate teaching.
Relevant industrial experiences are needed for teaching elective courses
or final year design projects.

2. EMOLUMENTS AND GENERAL TERMS & CONDITIONS OF
SERVICE

The commencing salary will depend on the candidate’s qualifications,
experience and the level of appointment offered. Information on emoluments
and general terms and conditions of service is available at http://
w w w . n t u . e d u . s g / o h r / C a r e e r / t e r m s / P a g e s /
FacultyPositions.aspx

3. APPLICATION PROCEDURE
Qualified candidates are invited to submit an application. Guidelines for
Submitting an Application for Faculty Appointment are available
at http://www.ntu.edu.sg/ohr/Career/SubmitApplications/Pages/
Faculty.aspx. The post applied for should be clearly stated. Electronic
submission of application is encouraged and can be forwarded to:

Chairman, Search Committee
School of Chemical and Biomedical Engineering
NANYANG TECHNOLOGICAL UNIVERSITY

E-mail: scbe_recruit@ntu.edu.sg
Website: www.scbe.ntu.edu.sg

RESIDENT FACULTY SEARCH

Call for Nominations and Applications

The Santa Fe Institute (SFI) seeks nominations and
applications for resident faculty positions at all academic
levels. Full-time appointments are of highest priority,
although part-time appointments are welcome. We are also
seeking sabbatical visitors, particularly those able to spend
up to two years at SFI.

SFI is a unique, internationally renowned research
environment dedicated to research on fundamental
scientific questions that transcend traditional disciplinary
boundaries, many of which typically involve the emerging
science of complex systems. As such, we are open to
applicants with an interdisciplinary focus from all scientific
fields.

The Institute serves as a research hub populated by 20-50
researchers in residence, including faculty, postdoctoral
fellows, graduate students, and visitors, closely integrated
with a large off-campus network of external faculty,
researchers, corporate affiliates, and a vigorous visitors
program.

We seek individuals with outstanding academic credentials
in their own fields, who are also broad thinkers, are
creative, catalytic, and risk-taking and who are looking to
break new ground in addressing some of science and
society’s most challenging problems.

Resident faculty positions at SFI are based on renewable
5-year terms. Positions involve no formal teaching and
come with funds for travel, visitors, meetings, and non-
laboratory equipment. Participation in proposal
development and Institute activities is expected.

Candidates should have a Ph.D. with a strong record of
excellence, both in depth and breadth. Applications are
welcome from candidates in any country. Women and
minorities are especially encouraged to apply. Successful
applicants who are not U.S. Citizens must acquire an
acceptable visa as a condition of employment.

Letters of Recommendation should explicitly address why the
candidate would be appropriate for SFI, and candidates are
strongly encouraged to have a recommender who is
affiliated with SFI.

Application Requirement:

All application materials should be submitted
electronically according to the instructions on the
SFI Website: http://www.santafe.edu/about/jobs/.
For further information, e-mail
residentfacultysearch@santafe.edu.

SFI is an equal opportunity employer.

SANTA FE INSTITUTE
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Get a Career Plan that Works.
An exceptional career requires insightful planning and management.

That’s where Science Careers comes in. From job search to career

enhancement, Science Careers has the tools and resources to help

you achieve your goals. Get yourself on the right track today and get a

real career plan that works. Visit ScienceCareers.org.

http://ScienceCareers.org
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Brought to you by the
AAAS/Science Business Office

Oct. 3-5, 2011
Pasadena Convention Center

P A S A D E N A
C A L I F O R N I A

ORGANIZING PARTNERS

TAKE ACTION AND REGISTER TODAY!

WorldStemCellSummit.com

“The World Stem Cell Summit is not only a must attend event on the latest advances in stem cell sciences but it is also an
awe-inspiring, thought provoking event. Not only does the Summit provide cutting-edge scientific research but it brings
in the policymakers who will be the voice in government and the patients who will directly benefit from both the research
and the government’s full support. It is one of the few events which touch all of us with the promise of hope, dedication,
joy, sadness, courage, marvel and inspiration.”

– Nicholas Zachariades, Ph.D., Partner, Duane Morris, LLP

Uniting the Stem Cell Community
SCIENCE | INTERNATIONAL | BUSINESS | POLICY | LAW | ETHICS | ADVOCACY

Sir HenryWellcome Postdoctoral Fellowships

Advancing your
independent
research career
Awardswill provide £250 000 over four years to cover
your salary, research costs and travel and subsistence.

To apply, you must have nomore than 12 months’
postdoctoral experience on the full application
submission deadline (31 January 2012).

Preliminary applications must be received by
1 November 2011.

Forms are available atwww.wellcome.ac.uk/shwpf
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POSITIONS OPEN

THE DIRECTOR OF SCIENTIFIC REVIEW
AND GRANTS ADMINISTRATION will provide
vision and leadership to the work of a newly created
Department of Scientific Review and Grants Admin-
istration. Reporting to the Senior Director and Head
of the Division of Scientific and Clinical Programs,
the Director of Scientific Review and Grants Ad-
ministration will make significant ongoing contribu-
tions to cancer research through the oversight of the
American Association of Cancer Research_s (AACR_s)
growing grants program.
This position supervises a growing number of staff

members dedicated to administering an outstanding
grants program for the distribution of cancer research
grants. The Director_s direct reports will be responsible
for handling a large number of inquiries, letters of
intent, and grant applications in competition for mer-
itorious cancer research projects. The largest propor-
tion of these research grants pertain to the portfolio
of translational research grants that the AACR is ad-
ministering for Stand Up To Cancer (SU2C). The
AACR is the scientific partner of SU2C, a program of
the Entertainment Industry Foundation. The AACR
has had the major responsibility to oversee and manage
a significant number of research projects being funded
by SU2C. This Department will also administer re-
search grants that are supported through AACR funds.
These include research fellowships, career development
awards to junior faculty, and research grants to senior
scientists.
The Director will also serve as the advisor and li-

aison to all relevant committees and groups that func-
tion as peer reviewers of grants. The Director will serve
as a key member of the AACR_s senior leadership team,
participating in strategic planning activities for SU2C
and AACR_s research grants program.
The Director establishes and maintains best prac-

tices related to scientific peer review and implements
stated programmatic goals by guiding programs and
initiatives, establishing priorities, setting strict time-
lines, coordinating various related activities, tracking
progress, and providing reports and evaluations of
the programs for the respective granting agencies.
For specific qualifications required of this position,

and for a detailed position description, visit website:
www.aacr.org/home/about-us/career-opportunities.
aspx. This position offers a competitive salary and an
excellent benefits package. Contact Information: To
apply, send a letter of interest and curriculum vitae to:
Human Resources, P.O. Box 40138, Philadelphia,
PA 19106. E-mail: humanresources@aacr.org. Fax:
215-440-1045.

Equal Opportunity Employer.

POSTDOCTORAL FELLOWSHIP at
Virginia Commonwealth University

A postdoctoral fellowship position is available within
the Division of Hematology/Oncology and the Massey
Cancer Center, a National Cancer Institute-designated
Cancer Center, with projects focused on either regula-
tion of p53 function by the ubiquitin/proteasome sys-
tem, or investigation of the role of the oncogenic CtBP
repressor in human cancer and development of anti-
CtBP therapeutics. Strong backgrounds in molecular
biology and biochemistry required, and experience in
mouse genetic models desirable. Ph.D. or M.D.-Ph.D.
required; support is potentially available through a
National Institutes of Health T32 training award. In-
terested individuals should send a curriculum vitae, and
the names of three references to:Dr. Steven Grossman,
Chair, Division of Hematology, Oncology, and
Palliative Care, Sanger Hall Room 6030, 1101 E.
Marshall Street, P.O. Box 980230, Richmond VA,
23298-0230 or e-mail: srgrossman@vcu.edu. Virginia
Commonwealth University is an Equal Opportunity Employer.
Women, minorities, and persons with disabilities are encouraged
to apply. Position open until filled.

POSITIONS OPEN

ASSISTANT PROFESSOR of
Terrestrial Plant Ecology and Paleoecology

The University of Maine invites applications for a
tenure-track joint appointment in the School of Biol-
ogy and Ecology and the Climate Change Institute.
The successful candidate will be expected to develop a
competitive research program addressing responses of
terrestrial plant ecosystems to past and present climate
change using tools such as dendroclimatology, paly-
nology, or other suitable techniques. We seek applicants
who can contribute to interdisciplinary and collabora-
tive approaches to complex problems in ecology.
The faculty assignment of 50 percent research and
50 percent teaching includes responsibility for an
advanced undergraduate/graduate course in terres-
trial plant ecology, alternating with an undergraduate
course in some aspect of plant biology, plus an annual
graduate course offering. The faculty member is ex-
pected to participate in undergraduate advising and
graduate training and to develop an active and suc-
cessful extramurally supported research program. A Ph.D.
is required in a relevant area of biological or environ-
mental sciences, with a background in terrestrial plant
ecology, and a documented ability to conduct high-
quality scientific research. Postdoctoral experience, prior
funding success, and evidence of teaching and interdis-
ciplinary collaborations are desirable. More detailed in-
formation can be found atwebsite: http://jobs.umaine.
edu/blog/2011/07/22/terr/. Please submit curricu-
lum vitae, statements of teaching and research interests,
and three letters of recommendation in PDF form to
e-mail: SBE@umit.maine.edu or in hard copy to:
Chair, Terrestrial Paleoecology Search Committee,
School of Biology & Ecology, 5751 Murray Hall,
University of Maine, Orono, ME, 04469. Review of
applications will begin September 23, 2011 and will
continue until the position is filled. Incomplete appli-
cations cannot be considered. The University of Maine is
an Equal Employment Opportunity/Affirmative Action Employer.

FACULTY POSITIONS

Columbia University Department of Pathology and
Cell Biology seeks highly qualified individuals for
faculty positions in surgical pathology, clinical pathol-
ogy, and research. Appointments can be at theAssistant,
Associate, Professor, or Associate Research Scientist
level, depending on experience and qualifications. All
positions require outstanding academic credentials and
a record of scholarly productivity. Clinical positions
require board certification and a license in New York
State. Research positions require a record of publica-
tion in leading journals and a statement of research
directions. A history of successful research funding is
desirable. To apply online, go to website: https://
academicjobs.columbia.edu/applicants/Central?
quickFind055115.
Send duplicate of your application to: Positions,

Department of Pathology, Columbia University,
630 West 168th Street, New York, NY 10032.

Columbia University takes Affirmative Action toward Equal
Employment Opportunity. Women and minorities are encouraged
to apply.

Two POSTDOCTORAL POSITIONS are avail-
able. First position will study Nrf2 and INrf2 (Keap1)
signaling in oxidative stress and cell survival. Second
position will investigate quinone oxidoreductases (NQO1
and NQO2) control of p53 and related factors in pre-
vention of lung diseases including chronic obstructive
pulmonary disease and cancer. These involve studying
protein-protein interaction, protein modifications and
degradation, apoptosis, cell proliferation, and knockout/
transgenic mice disease models. Experience in biochem-
ical and molecular biology techniques and working
with mice models is essential. Applicants should sub-
mit curriculum vitae, names, addresses, telephone
numbers, and e-mail addresses of three references. Con-
tact: Anil Jaiswal, Ph.D., Professor, Department of
Pharmacology, University of Maryland School of
Medicine, 655West Baltimore Street, Baltimore, MD
21201 or send electronically to e-mail: ajaiswal@som.
umaryland.edu.

POSITIONS OPEN

FACULTY POSITION IN ECOLOGY
Department of Biology
Stanford University

The Department of Biology at Stanford University
invites applications for a tenure-track ASSISTANT
PROFESSORSHIP in Ecology. We seek outstanding
applicants engaged in answering broad basic questions
to advance the field of ecology, with a strong emphasis
on the combined application of empirical and theoret-
ical approaches, and with experience and interest in
field-oriented research. We are interested in applicants
studying such questions using plants or microorga-
nisms as study systems, but encourage applications from
people working on other systems as well. The success-
ful candidate should hold a Ph.D., and is expected to
develop a vigorous research program and to partic-
ipate in the Department_s teaching activities at both the
undergraduate and graduate levels. More information
about the Department and the University can be found
at website: http://biology.stanford.edu/.
All applicants should submit a cover letter, a cur-

riculum vitae including publication list, a statement of
research accomplishments and future plans, a descrip-
tion of teaching experience, and three letters of ref-
erence. Please apply at AcademicJobsOnline, website:
http://academicjobsonline.org/ajo/Stanford/
Biology. Inquiries may be directed to: Faculty Searches,
Department of Biology, 371 Serra Mall, Stanford,
CA 94305, or to biochair@stanford.edu.
Applicant materials must be received by October 15,

2011. The appointment would begin September 1,
2012.

Stanford University is an Equal Opportunity Employer and is
committed to increasing the diversity of its faculty. It welcomes nom-
inations of and applications from women and members of minority
groups, as well as others who would bring additional dimensions to
the university’s research, teaching, and clinical mission.

ASSISTANT PROFESSOR, Bryn Mawr College,
Department of Biology—The Department of Biolo-
gy at Bryn Mawr College invites applications for a
full-time, tenure-track position in Ecology at the
rank of beginning Assistant Professor to begin July
1, 2012. We are searching for an individual who will
thrive in an environment that combines teaching and
research. We are particularly interested in candidates
who use experimental approaches as a core of their
research at any level of ecological organization. The
successful candidate is expected to teach at all levels
of the curriculum, establish an externally funded re-
search program that provides rigorous collaborative
research projects for undergraduates, and participate
in the College_s interdisciplinary program in Envi-
ronmental Studies. Teaching responsibilities include
courses in ecology and in the candidate_s area of
expertise, as well as involvement in the team-taught
introductory biology sequence. A doctorate and at
least one year of postdoctoral research experience are
required. Submit a cover letter, curriculum vitae,
teaching philosophy, and research statement as a sin-
gle PDF document by October 7, 2011 to Ecologist
Search Committee, c/o e-mail: jjacoby@brynmawr.
edu. In addition, arrange for three letters of recom-
mendation to be sent via e-mail. Bryn Mawr College is an
Equal Opportunity Employer; minority candidates and women are
especially encouraged to apply.

MARKETPLACE

8¢/u
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Taq DNA
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The BD Accuri® C6
personal flow cytometer

Flow cytometry within reach.®

BD Biosciences
2350 Qume Drive
San Jose, CA 95131
bdbiosciences.com

The BD Accuri® C6 is a personal flow cytometer
that puts flow cytometry within reach. It gives you
4-color cell analysis in an affordable, transportable,
and easy-to-use format.

Measuring just 11 x 14.75 x 16.5 inches (27.9 x
37.5 x 41.9 centimeters) and weighing just 30
pounds (13.6 kilograms), the BD Accuri C6 gives
both novice and experienced researchers the power
of multicolor analysis, when and where you need
it. BD CFlow® software’s intuitive interface guides
you through workflows, making it easy to begin
collecting and analyzing data—even if you have
little flow cytometry knowledge or know-how.

Setup and maintenance are also simplified to
increase availability and up-time. In the event service
is required, just pack up the system and return it.
A loaner system will be provided while your system
is serviced.

For more information about how you can more
easily access the power of flow cytometry in your
lab, visit bdbiosciences.com/go/accuri.

Flow cytometry within reach.®

BD flow cytometers are Class 1 Laser Products.

For Research Use Only. Not for use in diagnostic or therapeutic procedures.

BD, BD Logo and all other trademarks are property of Becton, Dickinson and Company. © 2011 BD

23-13462-00

http://bdbiosciences.com
http://bdbiosciences.com/go/accuri


R&D Systems, Inc. www.RnDSystems.com

R&D Systems Europe, Ltd. www.RnDSystems.co.uk

R&D Systems China Co., Ltd. www.RnDSystemsChina.com.cn

For research use only. Not for use in diagnostic procedures.

Cancer

Development

Endocrinology

Glycobiology

Immunology

Neuroscience

Proteases

Signal Transduction

Stem Cells

For more information visit our website at www.RnDSystems.com/go/Cancer

Cancer is a disease of cellular dysfunction involving a range of biological activities that promote unregulated

proliferation. To help advance the understanding of this complex disease, R&D Systems offers an expansive

selection of quality products, including high performance antibodies, proteins, ELISAs, & arrays, for

investigating various cancer-related factors. Every product from R&D Systems undergoes rigorous quality control

testing to ensure industry leading reliability.

Cancer Research
R&D Systems Specialized Tools for

R&D Systems Tools for Cell Biology Research™

Angiogenesis

Angiopoietin-2 (Catalog # AF623)
Human Gastrointestinal Cancer Tissue

MagCellect CD24–CD44+ Breast Cancer
Stem Cell Isolation Kit (Catalog # MAGH111)

MCF-7 Cell Line

E-Cadherin (Catalog # AF648)
Human Epidermoid Carcinoma Cells

Epithelial to Mesenchymal Transition

Cancer Stem Cells

Cancer Biomarkers

BRCA1 (Catalog # MAB22101)
Human Breast Cancer Tissue

Proteome Profiler™ 96 Phospho-RTK Antibody
Array (Catalog # ARZ001)
MDA-MB-453 Cell Line

EMAP-II (Catalog # AF1910)
Human Colon Cancer Tissue

Growth Factor/Receptor SignalingInflammation

RSUntreated

NRG1-1

Reference Spot
(RS)

RS

ErbB2

ErbB3

ErbB4

RS

ErbB2

ErbB3

ErbB4
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