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Beach mice (Peromyscus polionotus) have recently colonized 
the white sandy beaches of Florida’s Gulf Coast, where they 
have evolved a novel coat color pattern that camoufl ages them 
from predators. In a Report on page 1062, Manceau et al. 
show how small changes in the level and location of expression 
of a single gene in the mouse embryo cause large changes in 
adult color pattern.
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SCIENCEXPRESS
www.sciencexpress.org

 Isotopic Evidence of Cr Partitioning 
into Earth’s Core
F. Moynier et al.

Chromium isotopes in meteorites reveal 
Earth’s accretion history.

10.1126/science.1199597

Meteoritic Clues Point Chromium 
Toward Earth’s Core
W. F. McDonough

10.1126/science.1203353

Catastrophic Drought in the Afro-Asian Monsoon 
Region During Heinrich Event 1
J. C. Stager et al.

An extreme megadrought occurred in the Afro-Asian 
monsoon region during an iceberg melting episode 
50,000 years ago.

10.1126/science.1198322

Chronic Mucocutaneous Candidiasis in Humans 
with Inborn Errors of Interleukin-17 Immunity
A. Puel et al.

Chronic yeast infections in the absence of other 
infections result from genetic defi ciencies 
in proinfl ammatory host responses.

10.1126/science.1200439

Directional Switching of the Kinesin Cin8 
Through Motor Coupling 
J. Roostalu et al.

A molecular motor switches direction upon 
interacting with individual microtubules 
or antiparallel microtubules.

10.1126/science.1199945

TECHNICALCOMMENTS

Comment on “Mantle Flow Drives 
the Subsidence of Oceanic Plates”
M. B. Croon et al.

Full text at www.sciencemag.org/cgi/content/
full/331/6020/1011-a

Response to Comment on “Mantle Flow 
Drives the Subsidence of Oceanic Plates”
C. Adam and V. Vidal

Full text at www.sciencemag.org/cgi/content/
full/331/6020/1011-b

SCIENCENOW
www.sciencenow.org  

Highlights From Our Daily News Coverage 

Ancient Britons Used Skulls as Cups
Gruesome goblets were carefully fashioned and 
may have been used to serve up enemies’ brains.
http://scim.ag/skull-cups 

Rising Temperatures Bringing Bigger Floods
A new study suggests that CO2 emissions have 
boosted the risk of intense precipitation and 
consequent fl ooding.
http://scim.ag/more-fl oods 

The Genetics of Long-Distance Flying
Researchers have discovered the fi rst gene 
linked to migratory behavior in birds. 
http://scim.ag/long-fl ights
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Competition at the promoter.
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The Signal Transduction Knowledge Environment

22 February issue: http://scim.ag/ss022211

RESEARCH ARTICLE: ER Stress Inhibits mTORC2 
and Akt Signaling Through GSK-3β–Mediated 
Phosphorylation of Rictor
C.-H. Chen et al.

Cellular stress attenuates growth factor signaling 
through a phosphorylation event that blocks 
substrate access to the kinase complex mTORC2.

RESEARCH ARTICLE: The Specifi city of Innate 
Immune Responses Is Enforced by Repression of 
Interferon Response Elements by NF-κB p50
C. S. Cheng et al.

PODCAST
A. Hoffmann and A. M. VanHook

A transcriptional repressor acts as a gatekeeper 
to restrict the innate immune response to 
specifi c stimuli.

MEETING REPORT: Receptors, Signaling Networks, 
and Disease
N. Cuesta et al.

This meeting in Madrid focused on signaling by 
immune cells and regulation of and signaling by 
G protein–coupled receptors.
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Free Career Resources for Scientists

Experimental Error: Most Likely to Secede
A. Ruben

 No talented child ever says, “I want to pipette 
repetitively when I grow up.”
http://scim.ag/htL3Zt

A Nobel Prize at 36
E. Pain

Last year, Konstantin Novoselov became the youngest 
physics laureate since Brian Josephson in 1973.
http://scim.ag/gZDlkB

SCIENCETRANSLATIONAL MEDICINE
www.sciencetranslationalmedicine.org  

Integrating Medicine and Science

23 February issue: http://scim.ag/stm022311

PERSPECTIVE: Tuberculosis Immunopathology—
The Neglected Role of Extracellular Matrix 
Destruction
P. T. Elkington et al.

 Compounds that inhibit matrix metalloproteinases 
should be tested for their ability to limit tuberculosis 
morbidity and mortality.

RESEARCH ARTICLE: Pump-Probe Imaging 
Differentiates Melanoma from Melanocytic Nevi
T. E. Matthews et al.

Multiphoton imaging reveals chemical changes 
in melanoma compared to benign nevi and could 
enhance current clinical diagnostic protocols.

RESEARCH ARTICLE: Micro-NMR for Rapid 
Molecular Analysis of Human Tumor Samples
J. B. Haun et al.

PODCAST
R. Weissleder and O. M. Smith

A portable micro–nuclear magnetic resonance device 
enables rapid molecular diagnosis from scarce cancer 
cells in fi ne-needle aspirates from human tumors.

SCIENCEPODCAST
www.sciencemag.org/multimedia/podcast

Free Weekly Show

On the 25 February Science Podcast: fi ghting malaria 
with transgenic fungi, exploiting genomics, your 
letters to Science, and more.

SCIENCEINSIDER
news.sciencemag.org/scienceinsider

Science Policy News and Analysis

SPECIAL SERIES
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Human Genome 10th Anniversary
A special month-long series explores the impacts 
of the genomics revolution on science and society.
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Andean Forests Over Time  
Despite much recent progress in understanding the climatic and vegetation history of the trop-

ics, records from some of the key regions and geological periods are still patchy. Cárdenas 
et al. (p. 1055) describe the composition of vegetation of a biodiversity hotspot during previ-

ous glacial and interglacial climates. The Erazo study site, located on the eastern fl ank of the 

Ecuadorian Andes at an altitude of 1900 meters, has been dated to the Middle Pleistocene pe-

riod approximately 324,000 to 193,000 years ago. The fossil pollen deposits reveal that forest 

persisted under both glacial and interglacial climates, but that the dominant plant community 

changed radically as the climate fl uctuated.

Sulfur for the Smelter
Over geological time scales, the affi nity of 
sulfur for precious metals such as gold, copper, 
and platinum can result in the formation of 
massive ore deposits. The metals are trans-
ported through high-temperature fl uids by 
sulfur species and, once the fl uids cool, the 
metals are enriched and the sulfur solidifi es as 
sulfi de and sulfate minerals. Pokrovski and 

Dubrovinsky (p. 1052; see the Perspective by 
Manning) show that another chemical species 
of sulfur, the S

3
– ion, may be the dominant 

sulfur species in such fl uids. 

Ancient Remains
Early human remains from North America are 
scarce, and burial sites, which can provide 
additional information, have been commonly 
disturbed, complicating understanding. Potter 

et al. (p. 1058) describe the cremated remains of 
a child that were buried in a semi-underground 
house in central Alaska about 11,500 years ago. 
The site also included a large number of artifacts. 
The burial, house design, and artifacts appear to 
be more similar to those of a site of comparable 
age in Kamchatka, Russia, than other sites in 
North America.

DNMT1 Caught in the Act
In eukaryotes, methylation of DNA, generally 
on the C base of CpG dinucleotides, is critical 

for the epigenetic regulation of numerous 
critical cellular processes. Patterns of DNA 
methylation are preserved from generation to 
generation, in large part by DNA methyltrans-
ferase-1 (DNMT1) or in one of its homologs. 
Song et al. (p. 1036, published online 16 
December; see the Perspective by Godley 

and Mondragón) have solved the structure 
of DNMT1 from mouse and humans, both free 
and bound to CpG-containing double-stranded 
DNA. The structure reveals how DNMT-1 avoids 
methylating sites that have unmethylated CpGs 
on both DNA strands, rather than the preferred 
target in which CpGs are methylated on one 
strand (the parental DNA) but not the other 
(the daughter DNA).

An Iron(V) 
Nitride
Enzymes rely heavily on iron to 
catalyze oxidation and reduction 
chemistry. Although iron is most 
commonly found in its +2 
and +3 oxidation states, its 
reactivity hinges on fl eet-
ing access to +4 and +5 
states. Model compounds in 
these higher states should help understanding 
of their behavior. Scepaniak et al. (p. 1049) 
prepared an iron nitride complex in the +5 oxi-
dation state and characterized its structure. The 
four-coordinate iron center formed a triple bond 

to a single nitrogen atom, which it released 
effi ciently as ammonia on exposure to water and 
an electron donor even at low temperature. 

Not So Lonely First Stars
How did the fi rst stars in our universe form and 
evolve? Theoretical calculations have suggested 
that early stars were mostly solitary, with some 
occasionally forming binary systems. Clark 

et al. (p. 1040, published online 3 February) 
present results from numerical simulations that 
show that primordial stars were surrounded by 
gravitationally unstable disks that fragmented 
into multiple clumps. Although the simulations 
do not show how the primordial disks evolved 
beyond this stage, based on our knowledge of 
present-day star formation, it is reasonable to 
think that the process could have led to binary 
or multiple star systems and thus to a much less 
solitary life for the universe’s fi rst stars. 

Keeping Time
Optical lattice clocks are comprised of atoms 
placed in an optical lattice formed by opposing 
laser beams and can be more precise than 
traditional microwave atomic clocks because 
of the higher frequency at which they operate, 
and the number of atoms available for inter-
rogation. However, interactions between the 
atoms may lead to shifts in the frequency of 
the clock transition, usually proportional to 
the atomic density. Swallows et al. (p. 1043, 
published online 3 February) demonstrate an 
opposite and unexpected effect of interactions: 
For suffi ciently strongly interacting systems, 
the frequency shift is suppressed. Indeed, in 
a strontium-based fermionic lattice clock, the 
shift and its associated spread were reduced by 
an order of magnitude.

Third-Order Problem
A Bose-Einstein condensate (BEC) is an exotic 
state of matter where constituent atoms act in 
unison below a certain transition temperature. 
A rigorous way of expressing the degree of “con-
nectedness” of the atoms is to measure their 
long-range correlations, which should behave 
differently above and below the transition. The 
long-range coherence for BECs has been dem-
onstrated up to second order. Now, Hodgman 

et al. (p. 1046) have used metastable helium 
atoms to measure the third-order correlations 
directly, and fi nd that the coherence is still pre-
served below the transition. This fi nding supports 
the idea that BECs have long-range coherence at 
all orders. 
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Mice in Camoufl age
Natural variation in vertebrate color pattern is one of the most conspicuous traits related to fi tness. 
Using genetic and functional analyses in natural populations of Peromyscus mice, Manceau et al. 
(p. 1062) uncover the developmental mechanism for the establishment and subsequent evolution of 
color patterns, which function in camoufl age from visual predators. The Agouti protein, known to be 
involved in pigment-type switching in adult skin, establishes a molecular prepattern during embryonic 
development to generate the adult color pattern. These changes in the time, place, and level of em-
bryonic expression of Agouti affect adult color pattern and explain the difference in coloration between 
locally camoufl aged mouse populations.

Ants Cross the Bridgehead
Fire ants (Solenopsis invicta) are native to South America, but invasive populations pose increas-
ing problems to ecological and agricultural systems. Fire ant populations have been naturalized in 
the southern United States for nearly 90 years. More recently, however, populations have become 
established in California, China, Taiwan, and Australia. Genetic study of over 75 fi re ant populations 
from throughout their native and introduced ranges allowed Ascunce et al. (p. 1066) to identify 
Argentina as the source of the U.S. population.  All newly established populations, however, were 
derived from the southern U.S. population, mostly by separate invasions. This represents a classic 
bridgehead effect, where an introduced population serves as the source for subsequent invasions.

Spinning Eggs
Insects and birds produce oval eggs to adapt to a terrestrial life-style. Eggs, 
however, often begin development as spheres. How do they acquire the 
ellipsoid shape? Haigo and Bilder (p. 1071, published online 6 January) 
performed live imaging of developing eggs in the fruit fl y Drosophila 

melanogaster and found that the eggs spin around the elongating axis. 
These revolutions help build a surrounding extracellular matrix that chan-
nels growth of the egg to form and maintain an ellipsoid shape. 

Anti-Evolution Agents
Fungi that infect mosquitoes are potential tools for supporting malaria control efforts. Such biocontrol 
agents can be genetically engineered to make them more effective, to counter resistance as it evolves, or 
to express a range of foreign proteins into their hosts. Fang et al. (p. 1074) inserted toxin and antibody 
genes into the mosquito fungus Metarhizium anisopliae, so that the foreign proteins were expressed in 
the insect’s hemolymph, which severely compromised malaria parasite development in the vectors. 

Rebuilding the Heart
Frogs, newts, and fi sh have a remarkable ability to rebuild functional heart muscle after injury—a 
useful skill set that appears to have been lost in higher vertebrates like mammals. A study of newborn 
mice now reveals that there is a small window of time after birth during which the mammalian heart 
is capable of regeneration.  Porrello et al. (p. 1078) show that surgical removal of part of the heart’s 
ventricle in 1-day-old mice triggers a regenerative response that restores normal ventricular anatomy 
and function. This response, which involves cardiomyocyte proliferation, is lost by the time the mice are 
7 days old. Understanding this transient regenerative capacity may suggest new therapeutic approaches 
for restoring function to human hearts damaged by disease. 

Location, Location, Location 
Eukaryotic messenger RNAs (mRNAs) can be targeted to specifi c subcellular compartments in the 
cytoplasm, where localized translation occurs. In prokaryotic cells, gene transcription and translation 
are generally considered to be tightly coupled, with protein localization driven by intrinsic features of 
proteins and not of their mRNA transcripts. However, Nevo-Dinur et al. (p. 1081; see the Perspective 
by Ramamurthi) now show that, in live Escherichia coli cells, tagged mRNAs are transported to the 
locations in the cell where the proteins they encode function.  Thus, protein localization in bacteria can 
be determined at the level of mRNA targeting in a translation-independent manner. 
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    Advancing Regulatory Science   
ENSURING THE SAFETY AND QUALITY OF FOOD AND MEDICAL PRODUCTS HAS NEVER BEEN MORE

complicated. Societies around the world face increasingly complex challenges that require 
harnessing the best available science and technology on behalf of patients and consumers. 
This effort requires a strong fi eld of regulatory science to develop new tools, standards, and 
approaches that effi ciently and consistently assess the safety, effi cacy, quality, and performance 
of products. Yet, despite being a critical component of the scientifi c enterprise, regulatory 
science has long been underappreciated and underfunded.

Today, we are neither effectively translating scientifi c discoveries into therapies nor fully 
applying knowledge to ensure the safety of food and medical products. We must bring 21st-
century approaches to 21st-century products and problems. Toxicology is a prime example. 
Most of the toxicology tools used for regulatory assessment rely on high-dose animal stud-
ies and default extrapolation procedures and have remained relatively 
unchanged for decades, despite the scientifi c revolutions of the past 
half-century. We need better predictive models to identify concerns 
earlier in the product development process to reduce time and costs. 
We also need to modernize the tools used to assess emerging concerns 
about potential risks from food and other product exposures.

The U.S. Food and Drug Administration (FDA) is prepared to 
lead the way in strengthening regulatory science and transforming 
toxicology. But this will require collaborations and partnerships with 
academia, industry, and other government agencies. Fortunately, this 
work has already begun. For example, the FDA and the European 
Medicines Agency have recently worked to characterize novel bio-
markers that identify drug-induced kidney toxicity in preclinical ani-
mal models, and several of these biomarkers have now been qualifi ed 
for regulatory use. And last year, the FDA and the U.S. National Insti-
tutes of Health (NIH) launched a new NIH-FDA Regulatory Science Initiative to encourage 
new research in the fi eld; we recently awarded our fi rst set of grants—$9.4 million over 3 
years to support four research projects. The FDA will continue to make targeted investments 
in such collaborations, including, if resources are available, Centers of Excellence in Regu-
latory Science housed in academic settings and focused on collaborative, multidisciplinary, 
multisectoral regulatory science research.

With an advanced fi eld of regulatory science, new tools, including functional genomics, 
proteomics, metabolomics, high-throughput screening, and systems biology, can replace cur-
rent toxicology assays with tests that incorporate the mechanistic underpinnings of disease 
and of underlying toxic side effects. This should allow the development, validation, and quali-
fi cation of preclinical and clinical models that accelerate the evaluation of toxicities during 
drug development. The goals include developing biomarkers to predict toxicity and screen 
at-risk human subjects during clinical trials, as well as after new products are on the market. 
The FDA is also working to eventually replace animal testing with a combination of in silico 
and in vitro approaches. The inherent complexity of the vertebrate reproductive system repre-
sents a major challenge to developing such technologies that replace whole-animal tests, and 
advanced regulatory science is needed to address this challenge. We must also develop new 
science to protect the safety of our food supply: for example, to identify the effect of food pro-
duction, processing, preparation, and use on nutrient content, toxic contaminant generation, 
and inactivation of naturally occurring toxins.

Ultimately, investments in regulatory science can lead to a new era of progress and safety. 
Because such investments will promote not only public health but also the economy, job cre-
ation, and global economic competitiveness, they have major implications for the nation’s 
future. Policy-makers, industry leaders, and the scientifi c community have the opportunity and 
the power to answer this call to action. It cannot wait any longer.

10.1126/science.1204432

– Margaret A. Hamburg  
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were mixed in organic solvent, the solution 

turned deep yellow, refl ecting charge-transfer 

interactions between the different monomer 

units. Proton nuclear magnetic resonance 

spectra signaled the formation of longer pseu-

dorotaxane polymers. An analysis indicated that 

at concentrations of ~0.3 molar, the polymer 

chains had over 40 subunits. — PDS

J. Am. Chem. Soc. 133, 10.1021/

ja110384v (2011).

B I O M E D I C I N E

Interfer(on)-ing in Melanoma

Malignant melanoma is a particularly deadly 

form of skin cancer, for which the major risk 

factor is exposure to UV solar radiation, espe-

cially at a young age. How UV exposure eventu-

ally leads to melanoma is not well understood. 

Using a mouse model of UV light–induced 

melanoma where melanocytes can be visualized 

fl uorescently, Zaidi et al. fi nd that the cytokine 

interferon-γ (IFN-γ) is an important driver of 

tumorigenesis. Gene expression analysis of me-

lanocytes from neonatal mice recently exposed 

to UV light revealed an IFN gene signature. 

M I C R O B I O L O G Y

Viral Escape Route

Archaea are generally less familiar to us and 

less well-studied than bacteria or eukaryotes, 

and the same is true for their viruses. Quax et 

al. report that the 

Sulfolobus islandicus 

rod-shaped virus 2 

(SIRV2) employs an 

unusual means of 

escaping from its 

hyperthermophilic 

host. Using struc-

tural and biochemical 

analyses, these authors 

fi nd that a pyramidal 

assembly—a heptamer of the 10-kilodalton viral 

protein P98—forms on the cell surface of the 

host cell. Each face of the pyramid is an isosceles 

triangle, whose base is roughly 90 nm wide and 

whose sides are 150 nm long. In the lytic phase 

of viral growth, the pyramid opens like the petals 

on a fl ower (shown above) to release the new 

wave of virions. Remarkably, expression of P98 

in the bacterium Escherichia coli was suffi cient 

to induce the formation of similar structures 

protruding from the inner membrane into the 

periplasmic space, although only closed pyramids 

were observed. — GJC

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

pnas.1018052108 (2011).

C H E M I S T R Y

Capturing Paraquats

Supramolecular polymers, in which 

the monomer units are bound by 

weak interactions, could have several 

potential advantages over covalently 

bonded chains. For example, their 

extent of association could be temper-

ature-dependent, so they could have 

lower viscosities during processing steps and 

assemble longer chains after cooling. However, 

supramolecular polymers tend to be short 

oligomers with only about 10 repeating units. 

Niu et al. report on a supramolecular polymer 

made from two monomers, one a conjugated 

chain bearing 32-crown-10 cryptand cages at 

both ends, and the other bearing complemen-

tary paraquat rods at both ends. When these 

Though the Cold War inspired nightmares of nuclear incineration, it also 

spawned treaties that kept space from becoming a lawless, weaponized 

frontier. As more nations and commercial enterprises launch more crafts 

toward the heavens, though, new problems emerge, such as orbital de-

bris, satellite crowding and collisions, and radiofrequency spectrum satu-

ration. To maintain security, Robinson argues that we need renewed focus 

on transparency and confi dence-building among spacefaring nations and 

that we must move beyond the long-standing, dominant, U.S.-Russian bi-

lateral frameworks. Sharing of critical information with other nations and 

the public, engaging in consultative dialogues, and allowing monitors to 

verify compliance are among measures often used in promoting security. 

Some believe such efforts could be best updated by focusing on amend-

ing the 1967 U.N. Outer Space Treaty, whereas others promote newer 

movements, such as the Inter-Agency Space Debris Coordination Commit-

tee. The author proposes the E.U. Draft Code of Conduct as a promising 

alternative, deliberately structured outside existing multilateral institu-

tions, to engage a broad range of nations in an ongoing process toward 

establishing standards and best practices. — BW

Space Policy 27, 10.1016/j.spacepol.2010.12.018 (2011).

P OP OOO L I C YC YC YC YC YC YC YC YC YC YC YYYYYYYYYYYYYYYY

Learning to Share Space
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After UV exposure, macrophages entered the 
exposed skin and produced IFN-γ. When these 
macrophages were isolated and mixed with 
melanoma cells and then implanted into mice, 
tumors mixed with macrophages grew faster 
and exhibited less cell death than did tumor 
cells implanted without macrophages. These 
results may be of clinical relevance, because 
macrophages that expressed IFN-γ were found 
in tissues from melanoma patients. Melanomas, 
therefore, may arise in part because of an inef-
fective immune response to damaged tissue. 
After UV exposure, the immune system most 
likely eliminates many of the damaged cells; 
however, the remaining cells perhaps contain 
mutations that allow for immune evasion and 
over time give rise to melanomas. — KLM 

Nature 469, 548 (2011).

C E L L  S I G N A L I N G

Receptor-Free Signaling

Heterotrimeric guanine nucleotide–binding pro-
teins (G proteins) are central regulators of many 
physiological processes in mammals and are thus 
prime targets for the development of therapeu-
tics. In animals, G proteins are activated through 
an interaction with G protein–coupled receptors 
(GPCRs). GPCRs trigger the exchange of guano-
sine diphosphate for guanosine triphosphate, 
which activates the G protein alpha subunit and 
frees it from the receptor complex.

Arabidopsis thaliana plants have a G protein 
alpha subunit (AtGPA1) but do not have GPCRs. 
Instead, guanine nucleotide exchange by AtGPA1 
is constitutively active. Jones et al. used x-ray 
crystallography, molecular dynamics simulations, 
and biochemical analyses to explore the structural 
basis for this unusual property. Their results 
showed the presence of a helical domain in 
AtGPA1 that is more disordered and dynamic than 
its mammalian counterpart. In mammals, the sta-
bility of interactions between the helical domain 
and the catalytic domain prevents nucleotide 
exchange; however, the plant protein has no such 
restriction. A mammalian G alpha protein lost its 
stability—and nucleotide exchange increased by 
over 150-fold—when the helical domain from 
the plant protein was swapped in. Understanding 
the properties of AtGPA1 may help unravel the 
mechanisms controlling receptor-activated 
G proteins in mammals. — LBR 

Sci. Signal. 4, ra8 (2011).

G E O P H Y S I C S

Fields of Old

Earth’s magnetic fi eld is sustained by fl uid mo-
tion in the planet’s liquid iron outer core, spurred 
today by latent heat released as the solid inner 

core grows. The timing of the fi eld’s appear-
ance has been uncertain, as back calculations 
imply that close to 2 billion years may have been 
needed for Earth’s internal temperatures to cool 
suffi ciently to allow a solid core to form. Biggin 
et al. report paleomagnetic measurements, and 
improved new dates, from rocks in South Africa 
that provide further evidence that Earth had a 
stable magnetic fi eld by 3.5 billion years ago. As 
a check that the original magnetic signature had 
not been reset, the authors showed that cobbles 
in a nearby conglomerate preserved random 
magnetic orientations. These data thus further 

strengthen the inference that early Earth had 
a fi eld and that some other process aside from 
solidifi cation of the inner core was driving the 
geodynamo then. The data further hint that the 
early fi eld was capable of reversing. — BH

Earth Planet. Sci. Lett. 302, 314 (2011).

M A T E R I A L S  S C I E N C E

Grow with the Flow

Formation of the mineral component of bone 
occurs through an amorphous precursor, which 
is stabilized by a number of proteins. Maas et al. 
show that they can form collagen fi brils that in-
corporate calcium phosphate directly. They fl owed 
an acidic feed solution containing calcium cations 
and monomolecular tropocollagen through a 
polycarbonate track-etched membrane into a 
basic solution containing phosphate anions. The 
change in acidity caused the tropocollagen to 
self-assemble into triple helix collagen fi brils. At 
the same time, the combination of the calcium 
and phosphate ions led to the formation of amor-
phous CaP, which was incorporated into the inside 
of the fi brils and could form overgrowths on the 
outside of the fi brils at higher concentrations. 
The authors seeded the mineralized fi brils with 
human adipose–derived stem cells and found 
that the inclusion of calcium phosphate enhanced 
cell proliferation. These cells also showed an 
increase in alkaline phosphatase activity, which 
is an early indicator of bone cell differentiation, 
suggesting that this mineralized collagen could 
be used for in situ bone healing. — MSL

Nano Lett. 11, 10.1021/nl200116d (2011).
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scoop up 1 kilogram of material, and return 

it to Earth. Launch is currently planned for 

2016. The Indian Space Research Organisa-

tion (ISRO) hopes to provide an orbiter that 

would circle the moon for a few years and 

aid in communication and imaging.  

If India does join Moon-

Rise, it would underline a 

change in Indo-U.S. secu-

rity relations. Until recently, 

U.S. labs and companies were 

prohibited from exchanging 

technologies with ISRO in an 

attempt to limit their use for 

military purposes. But Indian 

Prime Minister Manmohan 

Singh and U.S. President 

Barack Obama met in New 

Delhi in November and agreed 

to become strategic partners. 

The countries may be ready to 

join hands on a major  space mission. 

http://scim.ag/moon-rise

Tokyo, Japan 3

Whaling Season Cut Short

Citing harassment by the activist group 

Sea Shepherd Conservation Society, Japan 

last week called an early halt to this year’s 

research whaling expedition to Antarctic 

waters, having captured and killed just 172 

of a planned 900 whales. Sea Shepherd 

declared it “Victory in the Southern Ocean 

Day” for whales. 

An international moratorium on com-

mercial whaling took effect in 1985, 

but Japan relies on a provision allow-

ing research whaling to catch hundreds 

of minke and smaller numbers of other 

species each year. Taken whales are 

examined to determine the age, stomach 

contents, amount of heavy metals accu-

mulated in tissue, and other data; then the 

whale meat is sold, with proceeds subsidiz-

ing the research whaling expeditions. 

Critics contend that the data could be 

collected through nonlethal means and that 

Japan’s cetacean research is thinly veiled 

commercial whaling. 

http://scim.ag/short-season

Armonk, New York 4

Dr. Watson, We Presume

Fresh from mopping the fl oor with two 

human opponents in Jeopardy!, IBM’s 

factoid-spewing supercomputer Watson is 

turning its talents to medicine. On 17 Feb-

ruary, IBM announced that it was teaming 

up with software company Nuance Com-

munications Inc. and two universities to 

produce a computerized “physician’s assis-

tant” designed to fetch up-to-date medical 

information on command.

Nuance, which PC users know as the 

maker of Dragon speech recognition soft-

ware, already has a foothold in health care 

technology. Researchers and clinicians 

at Columbia University Medical Center 

and the University of Maryland School 

of Medicine in Baltimore will contribute 

medical expertise to the project. And IBM, 

Urbana-Champaign, Illinois 1

First Cowpox Case in the U.S.

A student lab worker at the University of Illi-

nois is the fi rst person in the United States 

to catch cowpox, a less dangerous relative of 

smallpox. Researchers from the U.S. Centers 

for Disease Control and Prevention (CDC) 

traced the infection to a genetically modi-

fi ed cowpox virus strain stored in the lab’s 

freezer. The student had never worked with 

the virus, which the lab had not studied for 

5 years. After she came down with the dis-

ease in July 2010, however, tests found DNA 

from the strain (although no live virus) in 

various parts of the lab.

Cowpox is endemic in Europe and Asia, 

where veterinarians and zoo workers often 

catch it from animals. In the United States, 

however, it exists only in laboratories. CDC 

recommends vaccinations for anyone work-

ing with cowpox or similar viruses, but the 

student declined because she did not expect 

to handle it. 

http://scim.ag/cow-pox

New Delhi, India 2

India May Join U.S. 
MoonRise Mission
India’s Space Commission has given the 

go-ahead for work to begin on a possible 

contribution to a U.S. 

sample return mis-

sion to the moon. 

The mission, 

called Moon-

Rise, would 

land a probe in 

the South Pole–

Aiken Basin 

(pictured) on the 

far side of the moon, 

>A company in Oxfordshire, U.K., hopes 
to cash in on fusion with a design for a 
supercompact fusion reactor, or tokamak, 
that it plans to sell as a neutron generator 
for industry or research. Tokamak Solu-

tions says it could build the most basic 
version of the machine—producing just 
a hot plasma for research purposes—in 
a year at a cost of around $1 million. 
http://scim.ag/buy-fusion

NOTED
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AROUND THE WORLD

IBM’s Watson supercomputer 
challenges two former Jeopardy! champions.
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BY THE NUMBERS

28% Percentage of U.S. adults 

in 2008 who had enough scientifi c 

knowledge to read the Tuesday sci-

ence section in The New York Times, 

according to a survey by the Univer-

sity of Michigan’s Jon Miller. That’s 

up from 10% in 1988.

$3.2 billion Amount of global 

funding in 2009 for research into 

neglected diseases, such as tubercu-

losis and dengue fever, according to a 

new report. That’s up 8% from 2008.

4 Number of species found by a 

5-month mission that searched 21 

countries for living members of 100 

amphibian species thought to be 

extinct. Among the still-missing: the 

golden toad of Costa Rica, last spot-

ted in 1989. C
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Science Snaps Win Prizes

From his home in Stafford, U.K., retired schoolteacher 
Spike Walker snapped four of the 20 images that won the 
2010 Wellcome Image Awards, announced this week. The 
pictures, created by stacking as many as 44 different frames 
captured through a microscope, reveal surprising details 
about four different insects in vivid color. These include 
the hooks on a caterpillar’s belly, a mosquito’s feathery 
antennae, the hairs on a coiled ruby-tailed wasp, and the 
suckers on the foreleg of a great diving beetle, with which 
it grasps females during mating (pictured). “The beetle was 
one I found in a large collection of Victorian slides a friend 
was wanting to get rid of,” Walker says. “The wasp just 
fl ew into the kitchen one day.” His four photomicrographs, 
along with the 16 other winners, which included a scan of 
a patient’s aneurysm and an image of a 3-day-old mouse 
blastocyst undergoing its fi rst cell division, are on display 
at the Wellcome Collection in London. 

FINDINGSof course, is supplying Watson: a suite of 
algorithms working in concert to parse 
natural language, process information, and 
retrieve data.  

IBM says computer P.A.s will help physi-
cians and nurses make faster diagnoses and 
prescribe up-to-date treatments. The com-
pany expects the fi rst products to come on 
the market within 18 to 24 months.

Washington, D.C. 5

Train Wreck, Anyone?

The worst fears of U.S. scientists were real-
ized last week when the House of Repre-
sentatives approved a budget that would 
trim roughly $5 billion from current fed-
eral spending on research. The so-called 
continuing resolution for the last 7 months 
of the 2011 fi scal year would lower over-
all discretionary spending by $61 bil-
lion, taking billion-dollar bites out of the 
National Institutes of Health, National Sci-
ence Foundation, and Department of Ener-
gy’s Offi ce of Science (see p. 997). House 
Republicans were especially keen to derail 
presidential initiatives in education, energy, 
and climate research. But the 67 successful 
amendments—out of a pile of nearly 600 
that were drafted by members of both 
parties—took aim at the entire federal bud-
get, with the exception of mandatory pro-
grams like Medicare and Medicaid. 

Next week, the spending measure will be 
taken up by the Senate, which has prom-
ised to make its own reductions to President 
Barack Obama’s request for 2011 that the >>

Cancer Diagnosis: An App for That

Cancer researchers have come up with a 
small device that could allow physicians 
to fi nd out within 60 minutes whether cells 
from a suspicious lump in a patient are can-
cerous or benign. 

Oncologists usually have to send sus-
pected cancer cells to a pathology 
lab and wait days for the results, 
which are often inconclusive. 
But now Ralph Weissleder’s 
team at Massachusetts Gen-
eral Hospital (MGH) in 
Boston has developed a 
miniature, portable ver-
sion of a nuclear mag-
netic resonance (NMR) 
machine—the work-
horse tool that chemists use 
to identify molecular structures. The 
researchers used a needle to collect pos-
sible tumor cells from patients’s abdomens, 
washed the cells with magnetic nanopar-
ticles, and injected them into their minia-
ture NMR. The device, which is about the 
size of a coffee mug and can be read with a 
smartphone, detected levels of nine protein 
markers for cancer cells.  

The method accurately diagnosed biop-
sies from 68 of 70 patients, the MGH team 
reports this week in Science Translational 

Medicine. They hope that doctors will one 
day use the device at the bedside to track 
the course of a patient’s cancer and its 
response to drugs.

previous Congress failed to act upon. Its 
Democratic leaders say they won’t be using 
the House bill as a template, however, and 
Obama has already threatened a veto. The 
current agreement to extend 2010 spending 
levels into 2011 expires on 4 March. If the 
White House and legislators don’t resolve 
the deadlock by then, the next step could be 
a government shutdown.

Published by AAAS
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>>FINDINGS 

Rising Temperatures Bringing 
Bigger Floods
In October and November 2000, fl oods 
soaked large swaths of England and Wales, 
causing losses estimated to exceed $2 bil-
lion. Now new research suggests that human-
caused climate change, brought about by past 
emissions of carbon dioxide, almost certainly 
boosted the risk of these fl oods.

Pardeep Pall of the University of Oxford 
in the United Kingdom and his colleagues 
ran thousands of climate simulations. In 
roughly half of them, they reduced atmo-
spheric concentrations of carbon dioxide to 
levels measured in 1900, and they adjusted 
ocean temperatures and the amount of Arctic 
sea ice—which affects high-latitude weather 
patterns—accordingly. In the other simula-
tions, they modeled modern conditions. Then 
they compared the rainfall amounts gener-
ated in both types of simulations. Finally, 
they fed the rainfall values into a model that 
assesses the potential for fl ooding.

In 90% of the simulations, results sug-
gested that the fl ood risk in England and 
Wales in autumn 2000 was at least 20% 
higher than it would have been in 1900, the 
team reported online last week in Nature. In 
two-thirds of the cases, the fl ood risk was at 
least 90% higher. 
http://scim.ag/more-fl oods  

Cheers! Ancient Britons 
Made Skull Cups 
Humans have been using skulls as cups 
for thousands of years to toast friends—or 
enemies. Now a team analyzing bones from 
Gough Cave in Somerset, United Kingdom, 
has found what it claims to be the earliest 
evidence for the practice.

Led by paleontologist Silvia Bello of 
the Natural History Museum in London, 

the team studied three skulls previously 
found in a cave layer radiocarbon dated to 
14,700 years ago, during the Ice Age when 
the Magdalenian culture thrived there. The 
pattern of cutmarks and abrasions on the 
skulls suggests that the cranial vaults were 
carefully preserved while the rest of the 
faces were smashed off, the eyes gouged 
out, and the lower jaws carefully removed. 
Bello’s team concluded online last week 
in PLoS ONE that the skulls were deliber-
ately fashioned into cups or other contain-
ers, likely for a ceremony. Other bones from 
the cave show signs of cannibalism, and 
researchers suggest that the cups may even 
have been used to serve up the brains of an 
enemy. http://scim.ag/skull-cups

Longer Genes, Longer Flight

Every year, some 50 billion birds take to the 
air for their seasonal migrations. They may 
go 500 kilometers in a day and a few even 
travel from pole to pole. But how do they 
know when, where, and how far to fl y? Now 
ornithologists have pinned down one of the 
genes that infl uences migratory behavior. 
And strange as it may sound, the length of 
that gene infl uences the length of the fl ights. 

Jakob Mueller and Bart Kempenaers of 
the Max Planck Institute for Ornithology in 
Starnberg, Germany, along with Francisco 
Pulido, now at the Complutense Univer-

sity of Madrid in Spain, 
evaluated 14 populations 
of blackcaps (pictured) 
ranging from western 
Russia, through Europe, 
south to Africa. These 
populations vary in their 
inclinations to migrate. 
Blackcaps in Cape Verde, 
for example, never leave 

home, whereas those in Russia travel more 
than 3500 kilometers. 

The researchers found that one gene, 
called ADCYAP1 is correlated with the birds’ 
typical premigratory behavior. They reported 
online in the Proceedings of the Royal Soci-

ety B that groups that stayed put tended to 
have a shorter version of the gene, whereas 
long-distance migrants tended to have lon-
ger versions. The gene specifi es a peptide in 
the brain that infl uences daily rhythms and 
affects energy use—increasing body temper-
ature, metabolic rate, and fat usage. These 
sorts of changes occur as a bird gets ready to 
migrate. http://scim.ag/long-fl ights C
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Elementary Mathematics
An international group of mathematicians hopes to do for 
math what Dmitri Mendeleev’s periodic table did for chemistry 
by identifying the shapes in three, four, and fi ve dimensions 
that cannot be divided into other shapes—the elemental 
“atoms” of geometry. Borrowing techniques from theoretical 
physics, they plan to sift through some 470 million 4D shapes 
in search of a few thousand fundamental building blocks. 
“We’re using physics as a lens to view the mathematics,” says 
team leader Alessio Corti of Imperial College London (ICL). 

Mathematicians have already identifi ed all the 2D and 3D 
basic shapes—called Fano varieties—but need new methods 
for higher dimensions. So the researchers turned to string 
theory, a branch of physics which posits that, in addition to the familiar 
dimensions, the universe contains other dimensions curled up so small that 
their effects are hard to detect. Tools developed by string theorists to study such curled-up 
dimensions can tell the team whether higher-dimensional shapes, slices of which are shown 
here, are Fano varieties. 

The researchers—who are from the United Kingdom, Russia, Japan, and Australia—
communicate via a blog (http://scim.ag/fano-v) and Twitter, so anyone can see how they’re 
getting on. Knowing the basic building blocks of geometry, they hope, will be useful for 
mathematicians, string theorists, and engineers. Team member Tom Coates of ICL says it 
should take roughly 3 years to work through the 4D shapes. And the 5D ones? “We simply 
don’t know.” 

Published by AAAS
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have concluded that almost all the methane 

was eaten by an enormous bloom of bacteria. 

But microbial geochemist Samantha Joye of 

the University of Georgia, Athens, reported 

at the AAAS meeting that the picture is far 

more complicated. 

Joye and her colleagues have estimated 

that 500,000 tons of methane and other 

gases escaped from the busted well. She 

reported at the meeting that the break-

down of the dissolved gas dropped sharply 

6 weeks after the blowout began, even 

though there was still plenty of methane in 

the water. Methane oxidation by bacteria, 

which had been 60,000 times higher than 

normal to the southwest of the well, fell to 

300 times the background rate, according to 

her unpublished data. 

Joye speculated that the microbes ran out 

of another nutrient, which would have pre-

vented them from metabolizing more meth-

ane. She also reported that her team detected 

far more methane than expected to the north-

east of the well in late summer, after it had 

been capped. “It looks like there’s a signifi -

cant amount of gas in the ecosystem,”  and 

it’s spread across a larger area, she said. 

http://scim.ag/spill-methane   

Seaweed: Malaria’s Nemesis?

In the war against malaria, researchers may 

have recruited an unlikely ally: a seaweed 

found in Fiji. In 2005, Julia Kubanek, a 

chemical ecologist at the Georgia Institute 

of Technology in Atlanta, and her colleagues 

discovered that the seaweed, a red alga called 

Callophycus serratus, contains unusual ring-

shaped compounds called bromophycolides 

that are particularly effective at killing cer-

tain fungi. In 2009, they found one that also 

kills the malarial parasite in red blood cells. 

Now, Kubanek reported at the AAAS 

meeting, her group has discovered the 

mechanism. Malarial parasites infect red 

blood cells, where they thrive on hemoglo-

bin, the body’s oxygen-carrying molecules. 

As the parasites break hemoglobin down, 

they release heme, a pigment that is toxic 

to them. To protect themselves, the para-

sites crystallize the heme and store it in a 

separate chamber. Kubanek reported that 

the bromophycolide prevents this crystal-

lization, causing heme to accumulate and 

poison the parasite. Next, she and her col-

leagues will test the compound in mice 

infected with the parasite. 

http://scim.ag/anti-malarial   

  

Trading Tuna for Sardines

Overfi shing has not just decimated popula-

tions of tasty fi sh such as tuna and cod; it’s 

also drastically altered the balance of bio-

mass in the world’s oceans, according to a 

new study reported at the AAAS meeting. 

A team led by Villy Christensen of the 

University of British Columbia in Canada 

analyzed models depicting more than 200 

marine food webs around the world at 

various time periods from 1880 to 2007. 

Christensen’s team then estimated the dis-

tribution of biomass in these ecosystems 

and extrapolated the results to cover all of 

the oceans.  The result: The total biomass 

of predatory fi sh plummeted by about two-

thirds over the past 100 years—54% in the 

past 40 years alone—while the biomass of 

the fi sh they prey on, such as sardines and 

anchovies, rose by 130%. 

“It’s a very different ocean,” Christensen 

says, adding that the shift in the balance of 

the food web isn’t healthy or sustainable. 

http://scim.ag/ocean-biomass  

More than 8000 people attended the AAAS 

annual meeting in Washington, D.C., from 

18 to 21 February.  Here are some snap-

shots from the meeting. Go to http://scim.ag/

aaas_2011 for extensive coverage, including 

stories, podcasts, and live chats.

Infants Watch What You Say

Your baby’s language 

skills may surprise 

you. Before they even 

crawl, infants can dis-

tinguish between two 

languages they’ve 

never heard before just 

by looking at the face 

of a speaker. And this 

ability is enhanced if 

they’re raised in a bilingual household.

Developmental psychologist Janet 

Werker of the University of British Colum-

bia in Canada described at the AAAS meet-

ing tests she and Núria Sebastián of Pompeu 

Fabra University in Barcelona conducted 

on 8-month-old Spanish babies. Some were 

raised in homes in which only Spanish is 

spoken, some in homes whose residents 

spoke only Catalan, and some in bilingual 

homes. Werker and her colleague showed 

the babies a soundless video of three women 

who were bilingual speakers of French and 

English—languages the babies didn’t know. 

Each was shown in turn speaking sentences 

in one of the languages. Eventually the 

babies got used to this and stopped watching. 

Then the language changed. Babies raised in 

bilingual homes looked at the video again. 

The monolingual babies showed little reac-

tion; but other studies have shown that they 

can make the distinction until they are 

6 months old.

Werker speculates that the babies may 

be focusing on differences in lip shapes as 

the languages are spoken or on “the whole 

ensemble of muscle movements in the face.” 

http://scim.ag/baby-language

Methane From Oil Spill Migrating 
Undigested?
The blowout of BP’s Macondo well didn’t 

just spew some 5 million barrels of oil into 

the Gulf of Mexico last year. Lots of meth-

ane also whooshed out, but what happened 

to it is a matter of debate. Some researchers 

AAAS MEETING

THEY SAID IT

Climate change denialism by 
evangelicals is a “heresy com-
mitted against all of creation, 
nothing less than a monstrous 
wrong.”

—Richard Cizik, a former evangeli-

cal preacher and founder of The New 

Evangelical Partnership for the Common 

Good, speaking at a AAAS session titled 

Evangelicals, Science, and Policy: Toward 

a Constructive Engagement. 
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Julia Kubanek with Callophycus serratus.
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“Cairo writes, Beirut prints, Baghdad reads.” 
That old saying underscores the importance 
of Egypt as the traditional center of creativ-
ity and learning in the Arab world. As the 
country’s universities prepare to reopen on 
26 February after a youth-powered revolution 
toppled the government, Egyptian and for-
eign researchers see an opportunity to elevate 
science, if decades of neglect and corruption 
can be overcome.

“We feel optimistic now that in a free 
country, with transparency, we will be able to 
innovate,” says Karimat El Sayed, a promi-
nent physicist at Ain Shams University in 
Cairo. “There’s a whole new spirit here,” 
adds Farouk El-Baz, a Boston University 
earth scientist who arrived in the Egyptian 
capital last week to discuss the future of sci-
ence and technology with colleagues in his 
home country: “There will be more power, 
time, and money for research.” He and other 
researchers predict that a revitalized Egypt 
will bolster its lagging R&D spending in 
order to solve the country’s problems, from 
agriculture to urban unemployment. 

But a new government—which is unlikely 
to form before the fall—faces tremendous 
hurdles. It will inherit a university system 
that’s woefully lacking in incentives; rooting 
out ineffi ciency and encouraging a research-
savvy culture will be a challenge. “It’s not just 
about funding research,” says Ali Douraghy, 
a medical physicist and fellow at the Ameri-
can Association for the Advancement of Sci-
ence (which publishes Science) who recently 
returned from a 2-month stint in Egypt to 
assess the R&D situation. “There is an incred-
ibly large and outdated bureaucracy” that sti-
fl es creativity.

The statistics are daunting. According 
to the United Nations and the World Bank, 
Egypt spends less than a quarter of 1% of its 
gross domestic product on private and pub-
lic R&D combined. In contrast, its neighbor 
Israel devotes 5% of its domestic product to 
R&D, and even Tunisia invests 1%, the high-
est percentage of any Arab country. The Egyp-
tian investment has remained largely stagnant 
for 20 years, even dropping slightly from 
0.27% of GDP in 2004 to 0.23% in 2008. Out 
of a population of more than 80 million peo-

ple, Egypt has only some 50,000 scientists—
proportionately far less than industrialized 
countries and about half the world norm.

Although Egypt has many excellent 
researchers, observers say, there are few out-
standing scientific groups and a dearth of 
research institutes. “We lack money and strat-
egy,” says El Sayed. Some credit the minister 
of higher education and scientifi c research, 
Hany Helal, with trying to improve the 
situation—however modest the achievement. 
Helal is one of the few longtime Cabinet 
members to survive the downfall last week of 
President Hosni Mubarak. 

Helal, an earth scientist and engineer who 
served as a Cairo University professor and 
president of Alexandria’s Senghor University, 
has been minister since the end of 2005. He 
has championed joint research efforts with the 
United States and the European Union, and 
in 2007 his ministry created a Science and 
Technology Development Fund that chan-

nels grants to individual scientists. That was 
a major step in a university system focused on 
teaching rather than research, says Douraghy. 
“He’s a highly educated person who under-
stands the challenge Egypt is facing and has 
done as much as he can in a diffi cult envi-
ronment,” Douraghy adds. Others disagree. 
“Minister Helal is the worst minister ever,” 
says Mahmoud Saleh, a Cairo University 
chemist. “He is the tail of the previous regime, 
and he humiliated faculty members,” says 
Saleh, who wants to see new leadership. Helal 
could not be reached for comment. 

Before becoming minister, Helal consulted 
with the U.N. Educational, Scientifi c and Cul-
tural Organization on the regional synchro-
tron project in Jordan called SESAME. Under 
construction since 2003, SESAME involves 
Egypt, Israel, Jordan, Turkey, and others. It is 
currently $35 million in the red. In Novem-
ber, Israel pledged $5 million to complete 
the machine if other nations matched that 
amount. The Egyptian government agreed 
to do so prior to the revolution. The project’s 
backers hope Egypt will honor its commit-
ment—and they have reason to think it will, as 
SESAME’s supporters include not just Helal 
but Mohamed ElBaradei, a former director 
of the International Atomic Energy Agency 
who’s now a leader in the anti-Mubarak move-
ment (Science, 11 February, p. 659).

Whether European and U.S. governments 
will assist in modernizing Egypt’s antiquated 
R&D system remains unclear. In a speech in 
Cairo in 2009, U.S. President Barack Obama 
called for increased science and technology 
cooperation. Although the United States spent 
$1.5 billion in foreign assistance on Egypt in 
2010, a paltry $4 million went for research-
related efforts. “It has moved at a snail’s 
pace,” says El-Baz. He urges Washington to 
take more dramatic steps by backing efforts 
to improve Internet education, groundwater 
management, and solar-energy programs. 

Some worry that under a new govern-
ment, religious conservatives could limit sci-
ence or the public role of women. But many 
in Egypt dismiss such concerns. El Sayed, 
one of the most prominent women scientists 
in the country, says: “People here don’t want 
to be ruled by an Islamist government. And 
women here in the past 10 to 15 years have 
taken on many managerial roles.” The larger 
concern, says Saleh, is rooting out members 
of an old regime who blocked progress. But 
for the moment, Egyptian researchers are sim-
ply enjoying the air of an early Cairo spring. 
“We are all happy,” says El Sayed. “Now we 
can think what we want.”    –ANDREW LAWLER C
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Still the boss? Helal (top) remains science minister; 
researchers like El Sayed hope for a better strategy.

Post-Mubarak Era Seen as 
Opening for Science
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A spending bill passed by the House of 
Representatives last week would bring the 
Department of Energy’s (DOE’s) entire sci-
ence program to a screeching halt and wreak 
havoc on research funded by other agencies 
and by private industry (see p. 993).

The so-called continuing resolution, 
which provides funding for the federal gov-
ernment for the rest of the 2011 fi scal year, 
would cut DOE’s Offi ce of Science by 18%. 
The $4.9 billion agency supports 10 national 
laboratories as well as research at hundreds 
of universities. Republican opposition to 
the Obama Administration’s plans to beef 
up clean energy research may be the driving 
force behind the deep cuts, but if they 
are enacted—the bill now goes to the 
Senate, which takes issue with many 
provisions—the impact would extend 
far beyond research geared toward 
developing green energy technology.

Just ask Stephen Wasserman, a 
chemist at Eli Lilly and Co., who 
directs the company’s $10 million 
private beamline at the Advanced 
Photon Source (APS) at DOE’s 
Argonne National Laboratory in 
Illinois. He and three other Lilly 
employees use the x-ray facility to 
study protein structures, and their 
work supports half of the company’s 
drug-discovery efforts. “Virtually 
every large pharmaceutical and bio-
technology company operating in 
the U.S. makes use of the APS or one 
of the other DOE-funded synchro-
trons,” Wasserman says. “A perma-
nent reduction in the APS operating 
schedule would require us to rethink 
how we do things, including the pos-
sibility of moving a signifi cant part of our 
x-ray crystallography efforts overseas.”

Knee-capping Lilly’s efforts to develop 
the next blockbuster drug is likely an unin-
tended consequence of the promise by House 
Republicans to reduce the $1.5 trillion federal 
budget defi cit by slashing current spending, 
says one Democratic congressional staffer. 
The proposed $900 million cut to the current 
Offi ce of Science budget was not intended to 
shut down the national labs, the aide specu-
lates. “But when you’re cutting $5 billion 

out of [the] $35 billion [total DOE budget], 
there’s not that much else you can cut,” she 
says. “Science is a soft target. It’s harder to 
explain what you get out of it because it’s a 
long-term investment.”

Because the 18% cut would come half-
way through the fi scal year, which started 
1 October, DOE would have to slash spend-
ing during the remainder of the year by twice 
as much, or 36%. To cope with cuts of that 
magnitude, says William Brinkman, direc-
tor of the Offi ce of Science, “We would be 
shutting down labs for the rest of the year.” 
In addition to idling its synchrotron x-ray 
sources, supercomputers, and other user 

facilities, DOE would lay off thousands of 
workers at its national labs (see table).

Lab directors say that reducing expendi-
tures so sharply would result in deeper cuts 
than would be necessary under a more delib-
erate process. That’s because the labs gen-
erally must give employees 60 days’ notice 
before imposing layoffs and also provide a 
few months’ severance pay, reducing the 
amount saved in the remainder of the year 
for each employee terminated. “You have 
to lay off three or four people to recover one 

person’s salary,” says Persis Drell, director of 
SLAC National Accelerator Laboratory in 
Menlo Park, California.

Ironically, idling APS would also hurt the 
oil and gas industry, a constituency strongly 
favored by many House Republicans. UOP, 
a leading developer of petroleum refi ning, 
petrochemical, and gas-processing tech-
nologies, uses the x-rays generated at the 
neighboring APS to study the atomic and 
chemical structure of catalysts needed for its 
processes, which are used to refi ne 60% of 
the world’s gasoline. “If these facilities shut 
down for a number of months, it would be a 
disaster,” says Simon Bare, a chemist at UOP, 
which is based in Des Plaines, Illinois.

Many of the tens of thousands of research-
ers who use DOE facilities each year may not 
be aware of such dire consequences, however. 
“Oh my God!” gasps Helen Berman, a struc-
tural biologist at Rutgers University in New 
Brunswick, New Jersey, and director of the 

U.S. portion of the global Protein Data Bank. 
The data bank lists more than 70,000 protein 
structures, and Berman estimates that 75% 
of all new protein structures in recent years 
have been found using an x-ray synchrotron. 
“If the synchrotrons shut down, it would be 
a major blow to structural biology,” she says.

The House bill does not specify cuts to 
fi ve of the Offi ce of Science’s six programs, 
namely, basic energy sciences, high-energy 
physics, nuclear physics, fusion energy sci-
ences, and advanced scientifi c computing. C
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House Cuts to DOE National Labs 
Would Also Hamstring Industry

U. S .  S C I E N C E  B U D G E T

DOE Labs Brace for Cuts

Lab

Oak Ridge National
Laboratory

Brookhaven
National
Laboratory

Lawrence Berkeley
National Laboratory

Argonne National
Laboratory

Fermi National
Accelerator
Laboratory

Thomas Jefferson
National Accelerator
Facility

Princeton Plasma
Physics Laboratory

Flagship 
facility

Spallation
Neutron Source

Relativistic
Heavy Ion
Collider 

Advanced
Light Source

Advanced
Photon Source

Tevatron
Collider

Continuous
Electron Beam
Accelerator
Facility

Next Spherical
Tokamak
Experiment

Budget

$1.6 billion

$730 million

$707 million

$630 million

$396 million

$100 million

$85 million

Current

staff

5000

3000

3600

3000

1900

800

450

Projected
layoffs

1000

“hundreds”

700

1000

400 to 500

300

150

Clogging the works. An Illinois refi nery technologies company is a heavy user of APS at Argonne, one of several DOE 

labs looking at massive layoffs if the House continuing resolution were to become law.

▼
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When Winifred Frick sits down at her com-
puter to look at radar data from the National 
Severe Storm Laboratory in Norman, Okla-
homa, it’s not to track a local thunderstorm 
but to follow bats. A bat ecologist at the Uni-
versity of California, Santa Cruz, she uses 
weather radars to monitor the movements 
of animals that used to vanish quickly from 
view as they took to the night sky for daily 
or seasonal journeys. Her research is part of 
a new fi eld of study, called aeroecology, that 
looks at the interactions between fl ying ani-
mals and their airspace. 

Frick has discovered that the weather 
strongly affects the behavior of at least one 
species. Brazilian free-tailed bats, common 
in the south-central United States and Mex-
ico, emerge from their daytime slumber at 
different times of day depending on 
the temperature, Frick and her col-
leagues reported on 19 February at 
the annual meeting of the American 
Association for the Advancement 
of Science (Science’s publisher) in 
Washington, D.C. (see p. 995 and 
http://scim.ag/aaas_2011 for more 
meeting coverage).

Frick’s research relies on radar 
data that have recently begun to be 
more readily available to research-
ers. Radar waves reflect off most 
objects in the atmosphere, includ-
ing raindrops, airplanes, and bats, 
but meteorologists fi lter out refl ec-

tions from organisms, which makes the data 
of little use for tracking fl ying animals. The 
National Severe Storms Laboratory, for 
example, stitches together data from 156 
NEXRAD radars across the United States 
and overlays the fi ltered information on a 
U.S. map. Now, the lab is making it easy for 
researchers to download both processed and 
unfi ltered data.

At the meeting, Frick and her colleagues 
described a new Web portal, called Surveil-
lance Of Aeroecology using weather Radar 
(http://soar.ou.edu/), a collaboration between 
the University of Oklahoma and the severe 
storm lab. It makes using those data much 
easier for biologists. Researchers can look 
at the big picture or zoom into a particular 
locale. The data are updated every 5 minutes, 

and all the information is archived. And in 
the next few years, the NEXRAD radars will 
be upgraded with equipment that may allow 
biologists to tell birds, insects, and bats apart, 
something they can’t really do right now. “It’s 
a tool that can be used by lots of people to ask 
a variety of different questions,” says Frick. 
“It will really open up the fi eld.”

With a few strikes on her keyboard, Frick 
can call up daily radar data covering a bat 
cave in Texas. Two years ago, 2009, was very 
dry and last year was very wet. During the 
dry year, the bats tended to emerge relatively 
early from the cave for their nightly insect 
hunts, and hotter days meant even earlier 
starts, she and her colleagues found. But dur-
ing wet years, hot days resulted in late starts.

The bats balance the need to wait until 
dark, when day-fl ying hawks stop hunting, 
and the need to catch the insects when they 
are most plentiful, right at dusk. Also, dehy-
dration is a factor on hot days. In moist years, 
the bugs thrive, so there’s more to eat and 
insects stay active longer on hotter days. But 
in dry years, water stress and fewer insects 
make the bats come out earlier, says Frick. 

“We’ve been limited in the past in that 
we haven’t had very good methods for see-
ing up in the night skies and the air above 
us,” says Paul Cryan, a research biologist at 

the U.S. Geological Sur-
vey in Fort Collins, Colo-
rado, who is not connected 
with the work. Now with 
the easier access to radar 
data, researchers such as 
Frick “are just starting to 
see patterns that are mean-
ingful.” 

–ELIZABETH PENNISI 

Researchers Use Weather Radar 

To Track Bat Movements

A E R O E C O LO G Y

However, it explicitly whacks funding for 
the biological and environmental research 
program from $588 million to $302 million, 
a 49% reduction that would effectively zero 
out the program for the remainder of the year. 
The program supports much of DOE’s cli-
mate and bioenergy research and in the past 
has funded much of the federal government’s 
work on decoding the human genome. 

The need for deep cuts would inevitably 
set off battles within the Offi ce of Science 
over what to preserve and what to sacri-
fi ce. To a person, the half-dozen lab direc-
tors interviewed by Science say they would 
prefer DOE offi cials to choose winners and 
losers instead of spreading the cuts evenly—
“like peanut butter,” they say—across all 
programs and labs. Not surprisingly, every 
director feels his or her lab is vital enough to 

survive any such culling.
DOE offi cials might be tempted to cut 

programs such as high-energy physics or 
nuclear physics to preserve basic energy 
sciences, which supports the user facili-
ties and research in materials science, con-
densed matter physics, chemistry, and other 
fi elds with broader applications. However, 
DOE’s user facilities are generally based on 
particle accelerators, and the high-energy 
and nuclear physics programs develop the 
technology for those machines. “I think 
everybody agrees that we have to have some 
wedge invested in the long-term future,” 
says Pier Oddone, director of particle phys-
ics hub, Fermi National Accelerator Labora-
tory in Batavia, Illinois.

The cuts are not a done deal. The Senate 
will now draw up its own version, and Senate 

Democratic leaders have said that they oppose 
many of the House cuts. Still, nobody expects 
that the fi nal bill will restore full funding to 
DOE science programs. “I do believe that cuts 
on this scale are not going to happen,” says 
Representative Rush Holt (D–NJ), a physicist 
and former assistant director at DOE’s Princ-
eton Plasma Physics Laboratory, which lies 
within his district. “But even if they move a 
long way from this starting point, the cuts are 
still going to be very deep.”

Even if the DOE science budget rebounds 
in later years, some scientists worry that 
the labs will emerge much weaker. “I think 
that probably the biggest fear is that you’ll 
lose these highly skilled people” for good, 
says UOP’s Bare. Once the facilities resume 
operations, will DOE have enough top-
quality scientists to run them?   –ADRIAN CHO

Bats aloft. Bats emerging from caves cre-

ate blueish images on the radar screen.
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Answer: These instructions in IBM’s com-
puter, Watson, vanquished two human Jeop-

ardy! champions on February 14, 15, and 16.
Question: What are 100 algorithms?

For 7 years, IBM researchers toiled to build 
a machine that could win the game show 
Jeopardy! They were secretly developing  
question-answer (QA) systems: software that 
enables a computer to understand and answer 
spoken questions. IBM announced the project 
to academic researchers in 2008. A year ear-
lier, however, the company invited computer 
scientists from Carnegie Mellon University 
(CMU) in Pittsburgh, Pennsylvania, to two 
workshops at its research center in Yorktown 
Heights, New York.

For CMU graduate student Nico 
Schlaefer, the workshops—which he attended 
with his adviser, computer science professor 
and QA expert Eric Nyberg—were a turning 
point. As an undergraduate at the Univer-
sity of Karlsruhe in Germany and a visiting 
scholar at CMU in 2005, Schlaefer had built 
a QA system called Ephyra. Impressed, IBM 
offered Schlaefer a summer internship with 
the project—the fi rst of three he spent working 
on Watson. Last week, Schlaefer, now a Ph.D. 
candidate at CMU and an IBM Ph.D. Fellow, 
told Science about the algorithm he contrib-
uted to the now-world-famous computer. His 
comments have been edited for brevity.  

–KAREN A. FRENKEL

Karen A. Frenkel is a science writer in New York City.

Q: What did you work on during your IBM 
internships?
N.S.: The fi rst summer, I incorporated ele-
ments of Ephyra and an earlier IBM QA 
system called PIQUANT (Practical Intelli-
gent Question Answering Technology) into 
Watson. Between my fi rst and second sum-
mers, I was looking for a Ph.D. thesis topic. I 
came up with an approach I called “Statisti-
cal Thought Expansion.”

While playing Jeopardy!, Watson is self-
contained and has no access to the Web. It only 
knows what it has in its memory. We had to 
come up with information sources for Watson 
to use for Jeopardy!. IBM had studied over 
100,000 past Jeopardy! questions and deter-
mined what kind of knowledge they require. 
Then the IBM team manually acquired 
sources like Wikipedia and other encyclope-
dias, and dictionaries, including Wiktionary. 
They’re all stored locally.

But there were two separate issues with the 

manual approach. First, sources did not con-
tain answers to all possible Jeopardy! ques-
tions. And second, even if the answer was in 
those sources, it might be formulated in an 
obscure way that would be hard for Watson 
to fi nd. For example, take the Jeopardy! clue: 
“This company acquired Sun Microsystems.” 
Passages in original sources may say, “Oracle 
paid $7 billion for Sun.” A human knows 
Oracle acquired Sun, but it’s not obvious to 
Watson that paying money means acquiring 
something. The answer may be there in an 
obscure way or [might] occur only once.

Q: How did statistical source expansion help?
N.S.: My system goes to the original text 
collection and identifi es popular topics, like 
Obama, Lincoln, Bill Gates, the Berlin Wall, 
and the Super Bowl. Then it goes to the Web 
and sifts through 50 million pages, which is 
several terabytes of data, and selects 1/100 
of the most relevant text. That text is added 
to Watson. So I came up with much larger 
sources, but they are still small enough 
that Watson can store them in memory and 
search very quickly. We have more content 
but not too much.

The additional content covers a lot of 
information that was not already in the pri-
mary sources. It also adds a lot of reformula-
tions and paraphrases of information already 
in original sources. We call this redundancy, 
which is very important because it’s much 
easier for Watson to fi nd answers when they 
appear many times. 

Q: How did you determine the amount of text 
Watson could cull through without slowing it 
down too much?

N.S.: We had some idea of how large we 
wanted our sources to be. There were con-
straints due to hardware and the need to search 
very quickly. We decided how large we could 
make sources, and then based on that I set a 
threshold. We always took the most relevant 
text fi rst. You could lower the threshold, but 
at a certain point you’d have more knowledge 
than was useful.

Q: How much did your algorithm improve 
Watson’s performance?
N.S.: We measured its performance on over 
1000 Jeopardy! questions. After my 2009 
summer internship, Watson’s accuracy as a 
percentage of questions it answered correctly 
improved 3.1 percentage points. It gained 
an additional 1.7 percentage points in the 
summer of 2010. The additional 4.8% total 
is substantial for Jeopardy! performance. It 
confi rms that it is extremely important that 
Watson have the right source content. You 
have to be very careful about what sources 
you provide to Watson.

Q: How did you think up source expansion?
N.S.: I think I had the advantage of look-
ing at Watson from the outside––not being 
involved in the development of any particu-
lar component. My goal was to come up with 
an approach that would have the maximum 
possible performance impact. Growing addi-
tional source material seemed to be ideal.

Q: How do you feel when you watch Watson 
play Jeopardy!?
N.S.: It’s fascinating. It’s nice to see all the 
pieces of work come together. It’s almost 
scary to watch Watson play.

Q: People say search engines are inadequate 
because, even though they pull up docu-
ments in a certain order, humans must read 
each one to fi nd an answer to a question. 
Isn’t this what you conquered [with Watson]?
N.S.: You could consider QA the next-
generation search engine, which lets you 
specify what you’re looking for by asking 
questions. But I don’t think QA will make Web 
search engines obsolete anytime soon. There 
are many types of questions. What we worked 
on for Jeopardy! is just one type––“factoid 
questions”––and those have very concise 
answers. Named entities, for example, are a 
person or an organization’s name, or dates 
and locations. You may want to ask how to 
prepare sushi. Watson can’t answer that.

Schooling the Jeopardy! Champ: Far From Elementary 
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BEIJING—Events took an ominous turn soon 

after the host invited questions from the 

audience. At the podium, geneticist Zhang 

Qifa had just delivered a lecture at China 

Agricultural University here last November 

on the functional rice genome and boosting 

crop yields. A pioneer in developing and 

testing genetically modifi ed (GM) variet-

ies of rice in China, Zhang leads scores of 

researchers and students in his rice genom-

ics and biotechnology laboratory at Hua-

zhong Agricultural University in Wuhan. 

His achievements have made him a scientifi c 

superstar in China—and to a band of anti-

GM activists, Public Enemy Number One.

After Zhang defl ected the fi rst question, 

a young man in an orange jacket sprang to 

his feet. Reciting from a piece of paper, he 

peppered Zhang with questions about GM 

crop safety and whether scientists have ille-

gally distributed transgenic seeds to farm-

ers. Zhang and the host declined to answer, 

promising that a public forum would address 

such concerns. A woman then blurted out, 

“Zhang Qifa is a traitor!” and accused him 

of using 1.3 billion Chinese as lab mice. 

Next, an older man approached the podium, 

picked up a ceramic tea mug from the front 

row, and hurled it, missing Zhang.

“It was a dangerous situation,” says 

geneticist Yan Jianbing, who works in China 

for the International Maize and Wheat 

Improvement Center of El Batán, Mexico. 

Several professors hustled Zhang out of the 

room while Yan called the police. By the 

time they arrived, the provocateurs had left.

Ever since the Chinese government 

awarded safety certificates in November 

2009 to two GM rice varieties and a variety 

of GM maize, Zhang and other researchers 

have come under increasing fi re. The anti-

GM backlash in China is driven in part by 

Greenpeace and scientists who are rais-

ing long-standing concerns about possible 

ecological and health effects of transgenic 

crops. But one organization is turning up 

the heat and making researchers like Zhang 

duck for cover: Wu You Zhi Xiang, a loose-

knit group known in English as Utopia.

In the past year, Utopia activists and sym-

pathizers have disrupted several scientifi c 

meetings; Yan and others suspect they were 

behind the incident at China Agricultural 

University as well. Things could get hot-

ter still. Utopia, which considers itself the 

standard-bearer of the Chinese “New Left” 

and espouses nationalist sentiments, is gath-

ering signatures on an open letter denounc-

ing GM crops. The letter alleges that China 

is being exploited by agribusinesses such as 

Monsanto and calls for the revo-

cation of the safety certifi cates for 

GM rice. It plans to submit the 

missive to the National People’s 

Congress, an annual conclave 

starting 5 March that will help 

steer the government’s work plan 

for the coming year.

Few observers expect Uto-

pia’s petition to sway the Chinese 

government, which has enshrined 

transgenic crop R&D as a top pri-

ority. And Utopia’s agitation so far 

appears to have had little infl uence 

on public opinion: In a poll in sev-

eral Chinese cities last summer led 

by Huang Jikun, director of the 

Center for Chinese Agricultural 

Policy of the Chinese Academy 

of Sciences (CAS) here, 61% of 

respondents viewed GM rice favorably, only 

a slight downtick from recent years. But Uto-

pia’s actions may well slow commercializa-

tion of GM foods. Zhang’s team and indepen-

dent labs spent 15 years testing the safety of 

GM rice. Now he believes it could be another 

decade or more before GM rice is approved 

for commercial planting—assuming the 

safety certifi cates are renewed.

Scientists and offi cials acknowledge they 

were blindsided by Utopia’s heated attacks. 

“The government never expected the public 

would be so anti-GM,” says Lin Min, direc-

tor of the Biotechnology Research Institute 

of the Chinese Academy of Agricultural Sci-

ences (CAAS) here. According to a rough 

tally by Science, in the past several months 

at least 10,000 critiques of GM rice—some 

substantive, many without merit—have been 

posted on popular blogging sites in China.

Science in China is closely aligned with 

state ideology and power, says an academic 

here who belongs to Scientifi c Culturati, an 

unabashedly antiscience group of Chinese 

scholars. By opposing GM crops, he argues, 

Utopia and its allies see themselves as stand-

ing up to corruption and special interests.

Due diligence? 
China plunged into GM crops in the late 

1990s, when it allowed commercial planting 

of four transgenic species: cotton, petunia, 

tomato, and sweet pepper. Since then, the gov-

ernment has moved cautiously, granting two 

further approvals, for GM poplar trees and 

papaya. Just one of the six—insect-resistant 

Activists Go on Warpath Against 
Transgenic Crops—and Scientists

C H I N A

In the crosshairs. Anti-GM activists 

are stepping up their campaign against 

geneticist Zhang Qifa, a pioneer in devel-

oping transgenic rice varieties in China.
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cotton—is now planted widely.
Prospects for GM crops brightened in 

2008, when the government rolled out a 
$3.5 billion initiative to spur commercial-
ization. Top leaders have publicly backed 
the effort. In 2008, Premier Wen Jiabao told 
Science that in light of food shortages that had 
fl ared up that year, “I strongly advocate mak-
ing great efforts to pursue transgenic engi-
neering” (Science, 17 October 2008, p. 362). 

Several trends make a compelling case 
for adoption of GM crops, advocates say. In 
the past 15 years, rice yields have stagnated 
even as use of pesticides and fertilizers has 
risen sharply. The chemical blitz has hardly 
deterred rice pests, says Wu Kongming of 
CAAS’s Institute of Plant Protection here. 
“The situation is becoming more serious,” 
he says. Meanwhile, drought and develop-
ment are eating away at yields of wheat and 
other crops.

GM rice seemed primed to usher in 
China’s brave new transgenic world. The 
two varieties that passed safety inspection 
express a gene for a protein from the bacte-
rium Bacillus thuringiensis (Bt) that’s toxic 
to insects. Iran and the United States have 
already approved commercial planting of 
GM rice, but Chinese regulators have been 
extremely cautious about tinkering with the 
country’s most important grain. “China has 
been stricter with GM rice than any other 
country on any GM crop,” says Huang 
Dafang, former director of CAAS’s Biotech-
nology Research Institute.

Since 1997, when Zhang unveiled his 
team’s Bt rice, the agriculture ministry’s 
GM safety committee has examined data 
on everything from gene 
fl ow in the environment 
to the effects of Bt rice 
on nontarget organisms. 
To date, the panel “has 
found no obvious differ-
ence between GM rice 
and traditional rice,” says 
Wu, a committee mem-
ber. He and other scien-
tists acknowledge that no 
technology is foolproof 
and that the long-term 
effects of GM crops 
remain an open question. 
“Nothing is totally good 
or totally bad,” Wu says. 
But the two certifi ed Bt 
rice varieties “are just as safe as non-GM 
rice,” he says.

Lu Bao-Rong, chair of the department of 
ecology and evolutionary biology at Fudan 
University in Shanghai, puts it another way. 

“Growing traditional rice requires a lot of 
chemical pesticides. Is that safe?” he asks, 
before citing a Chinese proverb: “With two 
possible benefi ts, take the bigger one. With 
two possible harms, take the lesser one.”

Critics reject that philosophy. The gov-
ernment “was too quick” to give Bt rice 
safety approval, says Liu Bing, a science 
policy expert here at Tsinghua University 
who is spearheading a petition—separate 
from Utopia’s—that seeks to repeal the cer-
tifi cates. Unlike Utopia, 
Liu speaks in measured 
tones. “GM research is 
necessary,” he says. But 
if GM rice is widely 
planted—and it later 
emerges that it’s harm-
ful, he says, “it will be 
too late. Nobody will be 
able to avoid the risk.”

Ecological  r isks 
should not be under-
estimated either, says 
Wei Wei, an ecologist 
here at CAS’s Institute 
of Botany. Wei notes 
one unforeseen effect 
of Bt cotton in China: 
As the target pest, boll-
worms, faded as a threat, mirid bugs and 
other secondary pests became headaches. 
Nudging the argument onto shakier ground, 
Greenpeace asserts that some GM rice 
strains in China fall under foreign patents 
and planting them could drive up the cost 
of seeds. “It would pose a potential risk for 
China’s food safety and sovereignty,” says 

Fang Lifeng of Green-
peace’s Beijing offi ce.

Chinese scientists on 
both sides of the issue 
say they welcome seri-
ous debate and generally 
treat adversaries with 
respect. Utopia, mean-
while, has gone on the 
warpath.

Utopian worldview
Founded in 2003, Uto-
pia has since attracted a 
number of high-profile 
devotees ,  including 
Marxist scholars and 
retired government offi -

cials. The group does not hide its contempt 
for GM crops: Its Web site (www.wyzxsx.
com) posts articles and essays by people 
who feel that their voices are ignored by 
China’s offi cial media. Although the gov-

ernment places great faith in science, many 
articles complain about how China is blindly 
embracing technology as a solution to the 
country’s ills. The Utopia letter demanding 
revocation of the GM rice safety certifi cates 
also calls for the formation of a new over-
sight body to replace the agriculture minis-
try’s GM safety panel, which the letter says 
does not represent all stakeholders.

Utopia and other groups are critical of 
what they see as fl awed safety tests, espe-

cially one in which mice 
were fed Bt toxin. “That’s 
not something people are 
going to eat,” says Gu 
Xiulin, an influential 
economist with Yunnan 
University of Finance 
and Economics in Kun-
ming. For that reason, 
says Gu, whose essays 
have been posted on Uto-
pia’s Web site, Zhang and 
other GM researchers 
“are cheating the whole 
country.” Other Utopians 
cast themselves as Mao-
ists defending China’s 
disenfranchised rural 
poor and urban down-

trodden. They often couch objections to 
GM crops in moral and nationalistic terms. 
Much of the rhetoric, grouses Yan, “doesn’t 
have any scientifi c sense.”

In part to counter Utopia’s virulent 
strain of activism, the Chinese government 
has sought to boost outreach on transgenic 
crop R&D. The agriculture ministry has set 
aside several hundred thousand U.S. dol-
lars for that purpose this year and plans to 
allot another $1.5 million for risk evalu-
ation and public engagement in the 5-year 
plan to begin in 2012, sources say. Scientists 
contend that the money disbursed so far has 
been spent ineffectually and that a more 
energetic outreach effort is needed.

If such a campaign were to gain trac-
tion, it could help take heat off Zhang. He’s 
assailed wherever he lectures and receives 
vituperative e-mails almost daily. He admits 
that “it would be a pity” if his Bt rice failed 
to reach the market. But he’s taking the 
long view. “My heart is quiet,” says Zhang. 
His ultimate goal is to create “green super 
rice”: an ideal variety that has high yields, 
needs less pesticides and fertilizers, resists 
drought, is packed with nutrients, and tastes 
great. Even Utopia must see the irony in the 
utopian nature of Zhang’s hopes.

–RICHARD STONE

With reporting by Hao Xin and Li Jiao. 

Liu Bing

Huang Dafang

Published by AAAS

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


25 FEBRUARY 2011    VOL 331    SCIENCE    www.sciencemag.org 1002

C
R

E
D

IT
S

 (
T

O
P

 T
O

 B
O

T
T

O
M

):
 G

E
T

T
Y

 I
M

A
G

E
S

; 
S

O
U

R
C

E
: 
N

A
T

IO
N

A
L
 C

O
U

N
C

IL
 O

N
 R

A
D

IA
T

IO
N

 P
R

O
T

E
C

T
IO

N
 A

N
D

 M
E

A
S

U
R

E
M

E
N

T
S

, 
R

E
P

O
R

T
 N

O
. 
9

3
 (
1

9
8

7
) 
A

N
D

 R
E

P
O

R
T

 N
O

. 
1

6
0

 (
2

0
0

9
) 

BIOPHYSICIST DAVID BRENNER WAS IN 

his 40s when an older colleague in New 

York City, a prominent pediatric radiolo-

gist, mentioned in conversation something 

Brenner couldn’t shake: Far too many chil-

dren, the pediatrician felt, were getting 

computed tomography (CT) scans for ail-

ments, such as suspected appendicitis, that 

used to be diagnosed easily by ultrasound or 

even observation. Cells in children, already 

more vulnerable because they divide faster 

than those of adults, have more time to turn 

cancerous after the initial damage from radi-

ation. And a single CT scan delivers a lot of 

it, the equivalent of dozens to a few hundred 

chest x-rays. A concern about the CT boom, 

planted 11 years ago, began to grow. 

Brenner now directs Columbia Universi-

ty’s Center for Radiological Research, where 

he focuses on exactly how radiation damage 

leads to cancer. He seems an unlikely candi-

date for a troublemaker, a passionate Beatles 

fan who speaks so quietly, he’s sometimes 

hard to hear. Yet he’s become one of the most 

insistent voices in an imbroglio that is roil-

ing radiologists, medical physicists, and the 

general public over the rising and largely 

unregulated use of CT scans, and whether 

the technology can, in same cases, cause 

more harm than good. 

Brenner hails from Liverpool, U.K., and 

his Upper West Side apartment shows it: A 

large black-and-white poster of a young and 

pensive George Harrison hangs above the 

sofa, and a plastic John Lennon fi gurine from 

the movie Yellow Submarine crouches next 

to the stereo. Settled on a couch in his liv-

ing room, he explains how he moved to the 

center of the CT storm. 

“What I thought I could contribute to this 

discussion was to provide some quantitative 

estimates of what the risks [of CT scans] actu-

ally were,” he says. These risks are surpris-

ingly unclear, given how old and how com-

monly used the technology is. Brenner found 

that each CT scan gives a patient a very small 

chance of developing cancer. With hundreds 

of thousands of children getting CT scans 

every year, that small 

individual risk balloons 

into a pressing public 

health concern, Brenner 

concluded.

Many radiologists 

and medical physicists 

strongly disagree. For 

a single CT scan, they 

say, there’s no hard evi-

dence of any raised cancer risk. Nor do they 

think that thousands of small, potential risks 

add up to a large public health problem. Fur-

thermore, they say, the dearth of evidence 

makes it diffi cult to assess how low is low 

enough. But even the skeptics favor manag-

ing potential CT risks, if for no other reason 

than to reassure patients. That’s one of the 

aims behind a summit co-sponsored by the 

U.S. National Institute of Biomedical Imag-

ing and Bioengineering in Bethesda, Mary-

land, that ends this week. Researchers there 

discussed standardizing protocols, estimat-

ing doses, and dose-saving technologies.

As the debate rages, the number of CT 

scans administered continues to soar. In 1980, 

3 million scans were given in the United 

States. In 2006, the number was about 67 mil-

lion. It shows no sign of slowing down. 

How small a risk?

CT scans deliver the same type of radiation 

as an x-ray machine, but much more of it. 

As the patient moves through the scanner, 

x-ray beams and detectors revolve around 

the bed. The body’s tis-

sues absorb radiation 

to varying degrees, 

and what gets through 

creates slice-by-slice, 

incredibly detailed 

images of the body part 

being scanned.  Craft-

ing this picture comes 

with potential risks. 

The chromosomes of a healthy cell are tan-

gled in a “spaghetti-like formation,” Brenner 

explains. If radiation breaks up the chromo-

somes, the strands can usually repair them-

selves. Sometimes, though, the wrong ends 

meet up, scrambling the genetic information 

and leaving behind a premalignant cell that 

can bloom into cancer. 

Eleven years ago, when Brenner fi rst began 

considering children’s CT risks, he needed 

two pieces of information: the radiation deliv-

ered by a single CT scan, and the probability 

NEWSFOCUS

CT scans in the United States 

1980

2006

3 million

100 20 30 40 50 60 70

67 million

Second Thoughts 
About CT Imaging
Concern that CT scan radiation is causing cancer has focused 

public scrutiny on radiologists and medical physicists—and 

riled up controversy among them. Can they fi nd a solution?
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that a dose to a given organ would produce a 

fatal cancer there. For the fi rst, he used a 1989 

British survey of CT use in adults to estimate 

the dose children experience. For the second, 

Brenner turned to “the only quantitative tool 

we had and still have,” he says: risk calcula-

tions of radiation-induced cancer in survivors 

of the atomic bombings of Hiroshima and 

Nagasaki. The most recent were published in 

a report by the National Research Council in 

1990 and updated in 2006. 

Because data on atomic bomb survivors 

who had died of cancer were more robust, 

Brenner focused on fatal cancers. The chance 

of a child someday dying of cancer from one 

CT scan was small—on the order of one in 

1000, Brenner found. But given that about 

600,000 abdominal and head CT scans were 

performed yearly on children at the time that 

Brenner did his research, he and his colleagues 

estimated that 500 of those children might end 

up dying later on in life of cancer caused by 

the scan. Meanwhile, the total number of chil-

dren who would get cancer from CT scans 

would be about twice that, he estimated. 

Brenner published his results in early 2001 in 

the American Journal of Roentgenology.

The paper was a sensation. “CT scans in 

children linked to cancer,” blared a headline in 

USA Today. Brenner’s use of the atomic bomb 

data raised “the ire of lots of people” in the 

medical physics and radiology communities, 

he says. They criticized him for extrapolating 

from the risks associated with extraordinarily 

high doses from an atomic bomb.

But Brenner says he didn’t need to extrap-

olate. In Hiroshima, “as you go further and 

further away [from the epicenter], doses 

get less and less, so eventually you get to a 

region where the doses are actually compa-

rable to a CT scan,” he says. Brenner based 

his risk estimates on a cadre of about 30,000 

survivors whose doses were in the range of 

5 to 100 millisieverts, equivalent to one or 

two CT scans, he says. 

Keith Strauss, a medical physicist at Chil-

dren’s Hospital Boston, clearly remembers 

the day in 2001 when Brenner’s research was 

described in USA Today. The article “ruined 

my life for 2 weeks,” Strauss said in an inter-

view in Philadelphia last July, at the annual 

meeting of the American Association of Phys-

icists in Medicine (AAPM). His patients’ par-

ents were suddenly full of worries and ques-

tions about their children’s scans. 

By 2010, concerns about CT scans and 

cancer were getting plenty of attention; 

AAPM sessions on dose reduction were 

packed. Brenner had fi rst sounded the alarm, 

but now others were raising concerns, too. In 

March 2009, the National Council on Radia-

tion Protection and Measurements (NCRP) 

reported that, in 2006, CT radiation alone 

contributed 24% of the U.S. population’s radi-

ation dose. In 1980, that number was 0.4%. 

“The NCRP report was really the crucial 

one [that showed] the dramatic increase in the 

level of exposure,” says Amy Berrington de 

González, a radiation epidemiologist at the 

National Cancer Institute in Bethesda, who 

was not part of the NCRP panel. In late 2009, 

Berrington de González and her colleagues 

published a paper in Archives of Internal 

Medicine estimating that the approximately 

70 million scans performed in the United 

States in 2007 would lead to about 29,000 

new cancers. 

There’s still a great deal of controversy, 

however, about how dangerous CT scans 

really are. Cynthia McCollough, a medical 

physicist at the Mayo Clinic in Rochester, 

Minnesota, is skeptical that there’s any evi-

dence for the risks Brenner and Berrington de 

González have reported. To her, the research 

on doses in the CT range do not show any 

meaningful biological effect. Some studies, 

she says, suggest that low doses can even 

be protective against cancer, similar to how 

the weakened virus in a fl u vaccine helps the 

body fi ght off that year’s fl u. As for whether 

patients getting multiple scans should worry 

more, cells can repair themselves between 

scans, she says, so the damage shouldn’t be 

Decision-Making

James Thrall, chief radiologist at Massachusetts General Hospital (MGH) 
in Boston, has discovered in the past 6 years just how much doctors rely 
on computed tomography (CT) scans. In 2005, MGH created and imple-
mented a program that scores the appropriateness of 
a CT every time a doctor orders one and compares 
its worth to that of other imaging techniques given 
the patient’s symptoms. The software shares the score 
with doctors and offers them a chance to change their 
mind. “Physicians really like that feature,” says Thrall, 
who spearheaded the effort, which cost between 
$600,000 and $700,000 to develop. The software 
also helps to shield doctors from malpractice suits.

It took a lot of work; the American College of Radiol-
ogy has appropriateness criteria for hundreds of scenarios. But to make the 
criteria work for MGH, Thrall had to recruit doctors from every specialty to 
come up with about 15,000 potential links between imaging studies, such 
as a CT of the head, and clinical scenarios, such as a patient complaining of 
a headache. In its presoftware days, MGH’s CT use was growing by about 3% 

each quarter. Afterward, growth dropped to 0.25% percent, Thrall and col-
leagues reported in a 2009 paper in Radiology. 

MGH was driven not simply by a desire to reduce unnecessary proce-
dures. Local insurance companies, concerned about paying for unneeded 
scans, were demanding that doctors phone up so-called radiology bene-

fi t management companies—Thrall calls the strat-
egy “1-800-may-I-do-a-scan”—to get approval for 
every imaging study. The hospital negotiated with 
the insurance companies to use decision support soft-
ware instead. The software is now licensed to the Bur-
lington, Massachusetts–based software corporation 
Nuance; MGH will earn royalties each time others use 
it. Insurance companies in Minnesota are paying for 
the software in place of a third party for authorization. 

David Brenner, a radiation biophysicist and direc-
tor of Columbia University’s Center for Radiological Research, applauds 
the approach. It “jar[s] physicians’ memories each time,” he says, and 
makes them reconsider whether their plan matches what they’ve been 
trained to do. “It did quite markedly change CT prescribing patterns”—at 
least, at MGH. –L.S.

At MGH, rise in CTs 
[per quarter]

Before software: 

After software: 

3.0%
0.25%
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Rethinking. Biophysicist David Brenner, shown 
with a mannequin that estimates CT doses, worries 
about cancer risks from scans.
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cumulative. And like others, she’s leery of 

looking at survivors of an atomic bomb blast. 

At last November’s meeting of the Radi-

ological Society of North America (RSNA) 

in Chicago, Illinois, McCollough and Bren-

ner engaged in a public debate over whether 

cancer risks should be taken into account 

when ordering CT scans. At the end, the 

audience was polled and 

was evenly split. Brenner 

has his estimates, but “no 

one,” says James Brink, 

the chair of diagnostic 

radiology at Yale Univer-

sity School of Medicine, 

“has conclusively shown 

that medical radiation has 

caused cancer.” 

Dialing down the dose
Although professionals clash over how haz-

ardous CT scans are, they have converged 

to fi nd ways to minimize a scan’s radiation 

dose while preserving its accuracy. Despite 

disagreeing with Brenner, McCollough calls 

herself a “dose cop.” Before buying a new 

machine, she doesn’t always rely on the man-

ufacturer’s specs. Instead she has hauled her 

case of plastic torsos to a hospital that had the 

same model in order to test the doses herself. 

She is also exploring how to reduce the 

dose from a CT scan. Accomplishing this is 

easier said than done, for both technological 

and practical reasons. Many radiologists and 

medical physicists expect that as CT technol-

ogy improves, doses will drop. A CT angi-

ogram, for example, was a high-dose proce-

dure when it fi rst came on the scene in the 

1980s; the scanner would fire x-rays dur-

ing the heart’s entire cycle. Then, in 2006, 

researchers developed a new technique that 

used a predictive algorithm to synch up the 

scan to the heartbeat. X-rays only fi re dur-

ing the relevant phase of the heartbeat, reduc-

ing the dose by 83%, according to one paper 

in Radiology. At the July AAPM meeting in 

Philadelphia, other dose-saving techniques 

were highlighted, including algorithms that 

can scrape the same amount of information 

out of lower-dose scans.

These high-tech methods work only if 

they’re used clinically, and CT scanners are 

loosely regulated. The U.S. Food and Drug 

Administration (FDA) is limited to oversee-

ing the machines themselves, not how they’re 

applied or the training of the people who 

administer the scans.

Given this, most efforts at dose-reduction 

have been voluntary. Strauss helps direct a 

pediatric initiative by four radiological soci-

eties called Image Gently to remind radiolo-

gists to “child-size” the dose they give chil-

dren. In November, RSNA announced the 

launch of a parallel campaign for adults called 

Image Wisely. Strauss notes that higher doses 

give crisper images, “so there’s no automatic 

incentive to cause [a radiologist] to reduce the 

technique to an appropriate level. It has got to 

be a conscious thing.”

It’s tough to tell 

whether the campaigns 

are having much effect, 

says Brenner. Berrington 

de González agrees: “I 

would really like to see 

some data to show the 

evidence of the effects of 

these campaigns.” Image 

Gently’s Web site allows radiologists to fi ll 

out an online form pledging to review the ini-

tiative’s guidelines and adjust their practice. 

The site has racked up 6506 pledges. 

What those pledges translate to, practi-

cally speaking, isn’t clear. In 2008, Rebecca 

Smith-Bindman, a cancer epidemiologist at 

the University of California, San Francisco, 

who is also a clinical radiologist, visited four 

Bay Area hospitals and collected the dose that 

had been given to 1119 adult patients earlier 

that year during various types of CT exams. 

The median dose for abdominal and pelvic 

scans was 66% higher than the number usu-

ally quoted at the time. 

The dose from a “multi-

phase” version, which 

goes over the same area 

multiple times, was 400% 

higher. She also found 

that two patients could 

get wildly different doses, 

even with a scan on the 

same part of the body with 

the same machine at the 

same institution. Instead of following well-

defi ned guidelines, “every doctor reinvents 

the wheel” in order to get a readable scan, says 

Smith-Bindman. 

There’s growing pressure to better regulate 

CT machines, something FDA is consider-

ing. Sean Boyd, who heads the agency’s diag-

nostic devices branch, says that FDA might 

soon require new machines to have safety 

features, such as software that warns opera-

tors or even locks down the machine when the 

dose they’re requesting is too high. But Boyd 

says the agency doesn’t yet have a timeline 

for introducing those standards. Beginning 

in summer of 2012, California will require 

facilities to record the radiation dose of every 

CT study, legislation introduced after Cedars-

Sinai Medical Center in Los Angeles admit-

ted to overdosing 269 patients.

The lackluster response has Smith-

Bindman and others frustrated. She wants 

FDA to take a more active role and cites the 

1992 Mammography Quality Standards Act, 

which allows FDA to tightly regulate mam-

mogram equipment, technicians, and pro-

cedures, as an example of what’s possible. 

“Someone has to stand up and take responsi-

bility for this,” she says. 

Then there’s the problem of excessive CT 

scanning, which many say is only getting 

worse. For someone whose symptoms neces-

sitate a CT scan, the immediate benefi ts out-

weigh the small individual risk, says Bren-

ner. That’s not true for those who don’t need 

the scan in the fi rst place. Hedvig Hricak, 

the chair of radiology at Memorial Sloan-

Kettering Cancer Center in New York City, 

sees a pattern of use in emergency depart-

ments “when the CT would be done before 

you even examine the patient.” There is also, 

Smith-Bindman says, “a fi nancial cost moti-

vation. It’s extremely profi table to do these 

tests.” Brenner adds that doctors may do the 

scans to help insulate themselves from mal-

practice suits. “There’s no doubt that peo-

ple are doing CTs for defensive medicine,” 

he says. A 2010 study in the Journal of the 

American College of Radiology of 284 out-

patient CT scans found that 27% “were not 

considered appropriate.” 

Guidelines do exist: 

The American College 

of Radiology has issued 

what it calls “appropriate-

ness criteria” to help doc-

tors decide when a CT is 

the best course of action, 

but several studies have 

suggested that they’re not 

widely used. Where they 

are, the number of CT 

scans being ordered has decreased dramati-

cally (see sidebar, p. 1003.)

Meanwhile, Brenner continues to build his 

case. In an October paper in the Journal of the 

National Cancer Institute, he suggested that 

cancer risks for adults, while lower than those 

for children, don’t decrease dramatically 

with age, as thought. That’s because radia-

tion is not only an inducer, turning healthy 

cells into premalignant ones, but also a pro-

moter, pushing those cells toward a cancer-

ous state, he argues. While older bodies have 

cells that divide more slowly and have less 

time to develop cancer, they also have more 

premalignant cells, meaning “risks stay pretty 

constant through … the 30s, 40s, and 50s,” he 

says—right when most people begin to have 

health problems and go in for a CT scan.  

–LAUREN SCHENKMAN

CT contribution to U.S. 

radiation dose

1980
2006

0.4% of total

24.0% of total

Dose from an abdominal CT

8–10 mSv 3–90 mSv

Quoted

Range at four surveyed hospitals
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In 1994, researchers came across a com-

pletely new animal in a spring on a large 

island off the west coast of Greenland. Look-

ing a bit like a worm, this microscopic crea-

ture had complex jaws and was so unusual 

that the biologists could not assign it to a 

known phylum. Instead, they put it in a group 

of its own, called Micrognathozoa. The odd-

ball, offi cially named Limnognathia maerski, 

has been little studied since. Indeed, research-

ers in Greenland have documented only a few 

hundred specimens.

Yet with the help of next-generation 

sequencing, evolutionary biologist Casey 

Dunn and his colleagues plan to shine a scien-

tifi c spotlight on micrognathozoans. During a 

recent fi eld trip to Greenland, they collected 

specimens of the tiny invertebrate and have 

stored them in a freezer in Dunn’s lab at Brown 

University. In a project that would have been 

unthinkably expensive for a single lab just a 

few years ago, they will now decipher much of 

the creature’s genome and identify its genes. 

And that’s just the beginning. Dunn and his 

colleague Gonzalo Giribet, a Harvard Univer-

sity invertebrate biologist, have freezers full 

of other unusual organisms whose genomes 

they plan to sequence so that they can refi ne 

the much-debated animal tree of life.

Molecular systematists have long used 

individual genes to assess relationships 

Twenty years ago, the proposal to sequence the entire human genome 

was met with skepticism, even derision. Ten years later, the comple-

tion of the fi rst human genome sequence was a source of awe worthy 

of presidential recognition. Today, it’s a paragraph in a 3-year grant 

proposal.

The Human Genome Project drove a technological revolution in 

DNA sequencing that has continued since the full draft sequences 

were published in Science and Nature in 2001. And as sequencing 

DNA has become faster and cheaper, opportunities have grown for 

fi elds outside human biology. 

Analyzing the genome of an organism once required extensive 

mapping of its chromosomes and the development of genetic tools spe-

cifi c for that species—a time-consuming and, usually, too expensive 

process. And decoding just one genome per species was the norm. 

Now researchers can skip those steps and even think about gener-

ating genomes or partial genomes for many members of a species. 

The new technology also lets researchers track gene activity on an 

unprecedented scale. “There’s been a quantum change in what can be 

done and the number of organisms that can be studied,” says evolu-

tionary biologist William Cresko of the University of Oregon, Eugene.  

That’s why, in the last of our news features commemorating the 

10th anniversary of the human genome, we look beyond human biol-

ogy (although we peer inside the human gut in one case) to profi le 

fi ve research teams that have embraced genomic-scale science to 

tackle questions they could not have easily addressed before. 

–ELIZABETH PENNISI 

Beyond Human: New Faces, Fields 
Exploit Genomics

Find a podcast by the 
author of this feature, 
as well as other genome 
stories, at http://scim.ag/
genome10.Fast new genomics technology is not just for human geneticists and 

biomedical researchers anymore

Tracing the Tree of Life

On a quest. Casey Dunn went to Greenland in 

search of rare animals for his phylogenetic studies.C
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among organisms, identifying differences 
within equivalent pieces of DNA in vari-
ous species. Controversy often ensued when 
those early results didn’t agree with more tra-
ditional classifi cation schemes, such as those 
based on fossils or morphology. To add clar-
ity, researchers have, over time, increased the 
amount of genetic material they compare, cre-
ating a fi eld called phylogenomics in which 
many hundreds of genes are evaluated in each 
analysis (Science, 27 June 2008, p. 1716). 

A few years ago, it cost about $12,000 per 
animal to sequence 1000 or so genes, says 
Dunn. Now, a few thousand dollars delivers 
many more genes. “We can do now what we 
couldn’t do before,” Dunn says. That includes 
sequencing little-studied organisms, such 
as micrognathozoans, so accurately that 
scientists may resolve the relationships of 
invertebrates whose lineages split off from a 
common ancestor 500 million years ago. 

There are often challenges to sequencing 
unusual organisms. Sometimes researchers 
don’t have enough DNA to work with; other 
times the organism has odd ratios of DNA’s 
four bases that make decoding samples dif-
ficult. But Giribet has already sequenced 

and analyzed 20 of these animals, including 
a whip scorpion, a ribbon worm, and several 
mollusks. Dunn is excited about the prospect 
of resolving the animal tree as never before: 
“It’s clear we are going to be able to base our 
tree on lots of data from lots of species.”

Next-generation sequencing technolo-
gies are also allowing Dunn to explore the 
evolution of animals by documenting dif-

ferences in gene expression patterns across 
closely related species. The goal is to fi nd out 
how these changes infl uence shifts in traits 
and behaviors across the tree of life. To do 
this, Dunn and his colleagues have turned 
to a new technique, known as RNA-Seq, 
that can gauge genetic activity in a sample 
by sequencing the complementary DNAs 
(cDNAs) that represent specifi c genes. The 
busier a gene is in a sample, the more times 
its cDNA will be sequenced.

Dunn and Stefan Siebert, one of his post-
docs, have already compared the gene activ-
ity of the swimming and feeding forms of a 
siphonophore, a marine colonial organism. 
That analysis yielded thousands of genes 
potentially responsible for the differences 
in the animal’s two structures. By repeating 
this experiment with multiple related sipho-
nophore species, Dunn hopes to home in on 
those key to, say, the swimmer’s development. 
“This will allow us to identify which genes 
have changes in expression that are associated 
with evolutionary changes,” he says. –E.P.  

Odd creatures. Siphonophores (top) and micro-
gnathozoans may clarify animal evolution. 

Ten years ago, the mosquito Wyeomyia 

smithii lived a largely anonymous life inside 
the “pitchers” of the purple pitcher plant com-
mon in bogs along the eastern United States, 
the Great Lakes, and southeastern Canada. 
Unlike some of its nastier relatives, the insect 
isn’t known to transmit diseases to people or 
livestock. Larvae feast on microbes and detri-
tus inside the pitcher plant, and adults sip 

on nectar, not blood, for the most part. Then 
in 2001, husband-and-wife evolutionary 
geneticists Christina Holzapfel and William 
Bradshaw of the University of Oregon (UO), 
Eugene, made the mosquito a poster child for 
climate change when they demonstrated for 
the fi rst time that an animal had evolved in 
response to global warming. 

Now the same researchers are applying 

next-generation DNA sequencing tools to 
probe further details of this species’ evolu-
tionary history—tools that have become so 
cheap and widely available that they can be 
applied to other poorly studied organisms as 
well. It’s a “transformative technology,” says 
Mark Blaxter of the University of Edinburgh 
in the United Kingdom.

Holzapfel and Bradshaw began studying 
W. smithii 30 years ago, curious about how 
the mosquito had made its way so far north, 
because its relatives tend to reside in the trop-
ics. In the course of their studies, they found 
that from 1972 to 1996, the mosquito’s lar-
vae in Maine had gradually delayed the start 
of hibernation by a week. Mosquitoes from 
farther north had postponed hibernation even 
later, whereas those in Florida had stuck to 
the same schedule as 25 years earlier. The 
pair concluded that the change in this genet-
ically controlled trait was triggered by the 
longer growing season that resulted from 
gradual warming in the northern United States 
(Science, 23 November 2001, p. 1649).

Although the finding drew headlines, 
it still didn’t explain how the mosquitoes 
had ended up in the north. To address that, 

Using DNA to Reveal a Mosquito’s History

Mosquito hunters. Christina Holzapfel and 
William Bradshaw embraced next-generation 
sequencing last year.
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Holzapfel and Bradshaw wanted to know 
where the mosquitoes were in the past, partic-
ularly following a glacial period 20,000 years 
ago, when a warming trend had allowed them 
to migrate to new habitats. And to trace the 
migratory history of the species, the couple 
needed to establish the relatedness of popula-
tions from across the mosquito’s range. 

For years, they had tried to do this, but 
existing techniques were not able to resolve 
the differences between populations clearly 
enough. The mosquitoes from the various 
populations look too much alike to be distin-
guished morphologically, for example. In the 
1990s, they tried in vain to reconstruct the bio-
geographical record by comparing proteins 
called allozymes among populations. Later, 
they fruitlessly looked at population differ-
ences in the insect’s mitochondrial DNA. 
Even microsatellites, short stretches of DNA 
used in constructing genetic fingerprints, 
weren’t up to the task. “We needed a better 
tagging or sorting system,” Holzapfel recalls.

In 2009, they found one down the hall. 
UO colleague William Cresko had just 
teamed up with UO molecular biologist Eric 
Johnson to study the evolution of stickle-
backs. They had genetically characterized 
populations of this fi sh by developing a cat-
alog of single-nucleotide polymorphisms 
(SNPs), individual bases that vary frequently 
within a species. That work was made pos-
sible because a year earlier, Johnson’s and 
Cresko’s labs had developed a shortcut SNP-
discovery method known as restriction-site-
associated DNA sequencing (RADSeq). 

This approach takes advantage of the 
speed and low cost of next-generation 
sequencing to quickly generate thousands of 

SNPs that distinguish populations and indi-
viduals. Researchers start by taking animals 
from multiple populations of a species and 
using so-called restriction enzymes to, at spe-
cifi c DNA sequences, chop up the genomes of 
each one into short fragments. Each animal’s 
DNA fragments are then joined to a unique 
“bar code,” a synthetic five-base strand of 
DNA whose sequence reveals which animal 
the non-bar-code DNA came from. All the 
fragments are then pooled together for mass 
processing by a next-generation sequencing 
machine. Because the bar codes allow the 
resulting sequences to be associated with spe-
cifi c animals, researchers aided by bioinfor-
matics software can quickly identify genetic 
differences among individuals or populations.    

For the mosquitoes, the researchers found 
13,000 SNPs, 3700 of which helped to fi nally 

determine the relatedness of various popu-
lations of W. smithii. “This gave us the reso-
lution to discriminate between postglacial 
populations,” says Bradshaw. Based on that 
information, the researchers deduced that 
after glaciation, a remnant population of the 
pitcher plant mosquitoes gradually expanded 
out of the mountains of North Carolina—not 
out of the Gulf Coast, as some had presumed. 
The expansion proceeded gradually north-
ward, then westward, they reported online 
26 August 2010 in the Proceedings of the 

National Academy of Sciences.
When Cresko and Johnson’s team tested 

RADSeq on the stickleback, they were able 
to match the fi sh’s already sequenced genome 
to the newly generated sequence to help look 
for differences. No one had the resources to 
sequence the genome of W. smithii, and yet 
RADseq still worked effectively on the mos-
quito, demonstrating that the technique could 
be useful for a variety of organisms, even 
those for which little is known about their 
genetics. “This tagging system is defi nitely 
the wave of the future,” says Holzapfel.

Furthermore, the cost for the entire mos-
quito study—examining all 23 populations 
of W. smithii—was just $3000. “The RAD-
Seq method is cheaper, faster, and delivers 
thousands of markers,” says Blaxter. He and 
his collaborators now have 18 RADSeq proj-
ects under way in snails, moths, nematodes, 
butterfl ies, salmon, ryegrass, sturgeon, bea-
vers, beetles, oaks, elms, and spruce. Already 
for the diamondback moth, a crop pest, they 
have used newfound DNA markers to help 
pinpoint a gene that makes this moth resistant 
to a certain insecticide. Says Bradshaw, “This 
is an awesome technique.”                              –E.P.

Test case. Researchers didn’t need a sequenced 
genome to make a dense genetic map of the 
pitcher plant mosquito.

Tackling the Mystery of 

The Disappearing Frogs

For more than a decade, Roland Knapp has 
watched and agonized as the mountain 
yellow-legged frog, which normally thrives 
in high-altitude lakes and ponds too cold 
for other amphibians, disappears from the 
Sierra Nevada. In 1997, Knapp counted 
10,000 tadpoles in a single mountain lake—
the frogs seemed to “occupy every possi-
ble bit of water,” he recently recalled on his 
blog. This past summer there were almost 
none. Surveys of 15,000 sites by Knapp, a 
fi eld ecologist at the Sierra Nevada Aquatic 
Research Laboratory in Mammoth Lakes, 
California, and others have shown that 
this frog—which is actually two species—

Going, going. The mountain yellow-
legged frog has disappeared from 
90% of its Sierra Nevada habitat. 

NEWSFOCUS

Published by AAAS

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


25 FEBRUARY 2011    VOL 331    SCIENCE    www.sciencemag.org 1008

NEWSFOCUS

C
R

E
D

IT
S

 (
T

O
P

 T
O

 B
O

T
T

O
M

):
 N

E
IL

 K
A

U
F

F
M

A
N

; 
R

O
L
A

N
D

 K
N

A
P

P
; 
A

M
A

N
D

A
 B

IR
M

IN
G

H
A

M

is now missing from more than 90% of its 

former habitat.

There are multiple explanations for the 

frog’s disappearing act, but a key one is the 

chytrid fungus, Batrachochytrium dendro-

batidis, which has wiped out amphibians 

around the globe, including many popula-

tions of the mountain yellow-legged frogs. 

Yet every so often, some of these frogs sur-

vive the fungus, and Knapp has been unable 

to discern whether the amphibian’s immune 

response or some environmental factor made 

the difference. “It’s been pretty clear that our 

fi eld experiments and observations only take 

us so far,” he explains. “We needed to go to 

an entire new level of investigation.”

So he was thrilled when Erica Bree 

Rosenblum, an evolutionary biologist 

now at the University of Idaho, Moscow, 

approached his team about collaborating 

on the endangered amphibian. In the past, 

Rosenblum, who studies the genetic basis of 

animal traits such as color or limb length, 

had been limited to what she calls “spearfi sh-

ing”: sequencing specific genes already 

suspected of infl uencing the trait. But about 

5 years ago, she realized that new sequenc-

ing technologies would make it affordable 

to directly decipher all the active genes of 

a species without doing the extensive, and 

expensive, presequencing legwork required 

in the past. Thus, she could try “net-fi shing,” 

casting a net that could ensnare more than 

just suspected genes. 

Rosenblum, Knapp, Cherie Briggs of the 

University of California, Santa Barbara, and 

ecologist Vance Vredenburg  of San Francisco 

State University are now using this approach 

on wild populations of the frogs, compar-

ing ones that persist despite exposure to the 

fungus to nonexposed ones that ultimately 

prove susceptible to it. The key step, which 

next-generation sequencing greatly facili-

tated, was elaborating the frog’s transcrip-

tome, its full repertoire of expressed genes, 

by sequencing the so-called complementary 

DNAs (cDNAs) that represent each gene. 

With these cDNAs in hand, the researchers 

could construct a device known as a microar-

ray to assess which genes were active in vari-

ous organs of exposed and unexposed frogs. 

Results so far suggest that in susceptible 

frogs, the immune system doesn’t go on the 

defensive, says Rosenblum; the fungi some-

how evades the body’s defenses. 

The researchers are also using the same 

microarray to evaluate gene activity in 

the amphibian’s skin to understand why it 

degrades during infection. And by sequenc-

ing microbial DNA swabbed from frog skin, 

they are examining whether resistant frogs 

have an unusual repertoire of surface bac-

teria, as some microbes have been found 

to make an effective antifungal compound. 

Such genomic insights are much welcomed, 

says Vredenburg; the sequencing projects 

have “affected my work immensely.”                  

 –E.P.

It isn’t only animal studies that have benefi ted 

from the explosion in genomics tools. Next-

generation DNA sequencing has transformed 

microbial ecology studies as well. The past 

decade has seen the growth of metagenom-

ics, in which researchers sequence DNA from 

a soil sample, the gut, even a computer key-

board, to learn what bacteria live there. With 

the new technologies, “you can sequence at 

a level deep enough that you can understand 

what’s going on in the community,” says Rob 

Knight, a microbiologist at the University of 

Colorado, Boulder. 

The microbial makeup of our gut is a case 

in point. In the past decade, scientists have 

come to realize that animal intestines natu-

rally harbor diverse microbial communities 

that help provide nutrients and sustain good 

health. A landmark 2005 study by Stanford 

University’s David Relman and colleagues 

(Science, 10 June 2005, p. 1635) concluded 

that the bacterial communities in the human 

gut vary tremendously from one individ-

ual to the next. But that work looked at the 

guts of just three people, using traditional 

sequencing technology to probe for differ-

ent variants of ribosomal RNA genes, each 

of which represented a different microbe. 

A new analysis of 146 people, made pos-

sible by the lower cost and higher effi ciency 

of DNA sequencing, is now telling a much 

more detailed story. Junjie Qin of BGI Shen-

zhen in China and colleagues recently col-

lected fecal samples from 124 Europeans, 

some healthy, some obese, and a few with 

infl ammatory bowel disease. They not only 

identifi ed and sequenced all available ribo-

somal RNA genes in the samples but also 

deciphered more than 3 million other genes 

from the bacteria in the people’s guts. (The 

576.7 gigabases of DNA sequence data was 

Digging Deep Into

The Microbiome

Bug hunt. Rob Knight studies the microbiomes of 
humans, dogs, and other animals.

Gone. Roland Knapp’s genomic studies may help 
explain the mountain yellow-legged frog’s die-off.
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almost 200 times the amount generated in 

any previous study.) 

This more comprehensive analysis 

revealed limits to how much the common 

gut microbiome varies among people. There 

is a core set of gut bacteria, indicating that 

the “prevalent human microbiome is of a 

fi nite and not overly large size,” Qin’s team 

wrote in a 4 March 2010 Nature report. Cer-

tain bacterial gene sets and species in the gut 

also correlated with obesity, Knight adds. 

“When you look at a lot more people, you 

see systematic patterns of variation” in the 

gut microbiome, he says.

A twist on next-generation sequencing is 

also providing a new way to evaluate which 

genes are “must-haves” for the microbes. 

To fi nd these genes, Knight and his postdoc 

Cathy Lozupone are working with Andrew 

Goodman and Jeffrey Gordon of Washing-

ton University in St. Louis, Missouri, who 

have developed a technique called insertion 

sequencing. This involves using mobile DNA 

elements called transposons to introduce 

mutations into tens of thousands of bacteria. 

Before adding the transposons to the bacteria, 

the researchers tag each transposon with an 

identifi able DNA “bar code” that allows each 

mutant bacterium to be tracked—and for the 

gene disrupted by the transposon to be charac-

terized. With the new sequencing technology, 

researchers can follow mixed populations of 

these mutant strains on various growth medi-

ums or in different environments. The rela-

tive number of copies of a bar-coded DNA 

sequence will refl ect the success of a partic-

ular mutant; bacteria carrying mutations in 

genes required for a specifi c environment or 

medium wind up poorly represented.  

The researchers fi rst tried the insertion-

sequencing technique on a human gut bac-

terium, Bacteroides thetaiotaomicron, intro-

ducing transposon-mutated strains into the 

guts of various kinds of mice. Some mice 

were normal and had their own gut microbes; 

others had various immune defects, were 

germ-free, carried human gut microbes, or 

had a combination of those characteristics. 

Two weeks later, the scientists took stock 

of how these bacteria fared in their different 

rodent hosts.

In the germ-free mice, they saw a decrease 

in the abundance of 280 distinct bacterial 

strains, suggesting that the gene mutated in 

each had been essential to staying alive in 

the gut. Defects in about 90 genes seemed 

to provide a competitive advantage, as the 

corresponding mutant strains colonized the 

germ-free mice better than other strains did. 

Whether the mice carried other human gut 

microbes made a difference to the survival 

of various strains of B. thetaiotaomicron, as 

a different subset of mutants disappeared in 

those mice, the researchers reported in the 

17 September 2009 issue of Cell Host & 

Microbe. “We were able to fi nd genes that 

determine the ability of a bacterium to thrive 

in the mammalian gut in specifi c microbial 

community contexts,” says Goodman, now at 

Yale University. 

Goodman calls the insertion-sequencing 

approach “exciting.” Others agree. Several 

have begun to use it to characterize key genes 

for various microbes in different organisms 

and tissues. –E.P.

Pronghorns, the American antelope, are the fastest animals on the North American continent, 

yet coyotes still kill many of the fawns, catching them before they develop the quickness to run 

away. Animal behaviorist John Byers of the University of Idaho, Moscow, has shown, however, 

that if a female pronghorn picks the right male, her fawns will grow faster than normal and 

have a much better chance of surviving. Since 1981, he and colleagues have tracked six prong-

horn generations at the National Bison Range in Montana.

Byers suspects that female pronghorns, which he found favor males best able to fi ght off 

other males, are actually choosing mates with the lowest burden of so-called deleterious muta-

tions. Byers hasn’t had a good way to prove his theory, but thanks to the growing availability 

of next-generation DNA sequencing, he may fi nally have a chance. He and his colleague have 

over the years collected tissue samples from 835 pronghorns across the generations, and they 

now plan to genetically profi le each animal to determine whether female pronghorns do indeed 

pick genetic studs. “I think it’s going to be ultracool,” Byers says. –E.P.

Gut life. Researchers have pinpointed the must-

have genes in these capsule-shaped intestinal 

microbes.

Probing Pronghorn Mating Preferences

NEWSFOCUS

Published by AAAS

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


Heisenberg in 
postwar Germany

Agriculture for a 
changing climate

COMMENTARY

10131012

25 FEBRUARY 2011    VOL 331    SCIENCE    www.sciencemag.org 1010

LETTERS
edited by Jennifer Sills

LETTERS  I  BOOKS  I  POLICY FORUM  I  EDUCATION FORUM  I  PERSPECTIVES

C
R

E
D

IT
: 
D

IG
IT

A
L
 V

IS
IO

N
/T

H
IN

K
S

T
O

C
K

Societal Benefi ts 

of Network Science

THE NEWS STORY “STEPPING AWAY FROM THE 
trees for a look at the forest” (17 December 

2010, Science News staff, special section on 

Insights of the Decade, p. 1612) describes 

the potential of network science to solve 

complex problems, including the use of 

crowd-sourcing. 

Network science has also been applied to 

disaster response, such as the aftermath of 

the magnitude 7.0 M
W

 earthquake in Haiti 

in 2010. An open-source technology named 

Ushahidi (“testimony” in Swahili) (1) was 

used to create high-resolution maps of acces-

sible roads through integration of more than 

80,000 text messages and geographic infor-

mation systems. This platform can also pro-

cess voice messages, making it a useful 

tool for the illiterate. These aggregated data 

allowed more rapid transport of earthquake 

victims to hospitals, given the paucity of reli-

able road maps before the disaster. 

Similar open source tools such as Geo-

Chat (2, 3) have been applied to disease 

outbreaks globally and to human rights 

issues in Burma (4), facilitating anonymous 

reporting of sexual violence, human traf-

A Vote for Scientists as Politicians

I APPLAUD AND ADMIRE B. ALBERTS’S LONG-TIME 
advocacy for science education and the engagement 

of scientists with their communities, but his Editorial 

“Policy-making needs science” (3 December 2010, 

p. 1287) leaves out one essential activity. Scientifi cally 

trained individuals need to enter political office. 

Thoughtful National Academy documents have no 

impact when ideology is the rule of the land. All of 

our advocacy and all of our reports will not affect the 

bottom line if those massive efforts can be thwarted 

by a single vote cast by a single offi cial. Therefore, 

in addition to improved science education, our society needs people trained in the scientifi c 

process and scientifi c thinking to serve in the political arena, not just as advisers, but as the 

actual policy-makers at the local, state, and federal level. This can only happen if the scientifi c 

community supports such career ambitions.  As Carl Sagan said, “Science is a way of thinking 

much more than it is a body of knowledge” (1). It is that way of thinking that we need in the 

minds of those casting votes critical for our future.
ANDREW D. LEAVITT

Department of Laboratory Medicine, University of California, San Francisco, San Francisco, CA 94143, USA. E-mail: 
leavitta@labmed2.ucsf.edu

Reference
 1.  C. Sagan, Broca’s Brain: Refl ections on the Romance of Science (Random House, New York, 1979), p. 13.

fi cking, and child soldiers. Societal benefi ts 

of these technologies will broaden as more 

users revise methods for uploading, pro-

cessing, visualizing, and interpreting data to 

inform public policy.
JEFFREY H. TONEY

College of Natural, Applied & Health Sciences, Kean Uni-
versity, Union, NJ 07083, USA. E-mail: jetoney@kean.edu
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Teaching Science 

Appreciation

IN HIS EDITORIAL “A NEW COLLEGE SCIENCE 
prize” (7 January, p. 10), B. Alberts writes 

that “the world badly needs a revolution in 

science education—a revolution that must 

begin at the college level.” In the Education 

Forum “Changing the culture of science edu-

cation at research universities” (14 January, 

p. 152), W. A. Anderson et al. argue that 

academic scientists should place a greater 

emphasis on teaching and that universities 

should support and reward excellence in ped-

agogy. We agree that improving undergradu-

ate science instruction is critical.

To this end, we co-chaired an Ameri-

can Academy of Arts and Sciences working 

group that examined science teaching at 34 

U.S. liberal arts colleges and universities. 

The study explored how scientifi c literacy, as 

a core component of undergraduate educa-

tion, will infl uence citizens’ ability to make 

informed social and economic choices in the 

21st century.

The results (1) indicated that universities 

can instill in students a curiosity about science 

and an appreciation for its profound impact 

on everyday life by including two types of 

courses: those that present the most basic 

concepts of the physical and biological sci-

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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ences, and those that show science as a self-

correcting method of inquiry aimed at under-

standing our universe. We also considered 

best practices for teaching science in a gen-

eral education context. Based on the study, we 

recommend innovative approaches to science 

instruction, such as creative writing assign-

ments designed to teach Kepler’s laws and 

Wien’s law (as in Cornell University’s astron-

omy course “Our Home in the Universe”) or 

hands-on extraction of DNA from strawber-

ries (as in Harvard University’s “Molecules of 

Life” course). We also recommend concrete 

strategies for curricular reform, such as devel-

oping a more robust science requirement (a 

minimum of four courses) and designing gen-

eral education offerings that kindle interest in 

a variety of fi elds. These courses could replace 

conventional introductory courses, which pri-

marily prepare students for more advanced 

study of the same discipline.

A curriculum enriched by science courses 

designed to appeal to all students, indepen-

dent of their primary interests, will help cre-

ate a population that is curious about the 

natural world and aware of the potential of 

science to foster new forms of knowledge and 

new technologies. Citizens who demonstrate 

this level of scientifi c literacy are essential for 

American competitiveness; improving the 

science education that prepares these citizens 

must be a national priority.
JERROLD MEINWALD1 AND JOHN G. HILDEBRAND2

1Department of Chemistry, Cornell University, Ithaca, NY 
14853–1301, USA. 2Departments of Neuroscience, Chem-
istry and Biochemistry, Entomology, and Molecular and 
Cellular Biology, University of Arizona, Tucson, AZ 85721–
0077, USA.

*To whom correspondence should be addressed. E-mail: 
circe@cornell.edu
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High Marks for 

Transformative Teachers
AS AN EDUCATOR WORKING TO REFORM INTRO-
ductory undergraduate courses, I was per-

plexed by B. Alberts’s announcement about a 

Science prize for inquiry-based lab modules 

(“A new college Science prize,” Editorial, 7 

January, p. 10). Given that inquiry modules 

are readily available in a variety of excel-

lent, peer-reviewed resources (1–6), students’ 

inexperience with this lesson format is likely 

not due to lack of access to such materials. 

The persistent deficiencies in college 

science teaching discussed in the Editorial 

point to a problem much larger than avail-

ability of inquiry modules. Real transforma-

tion, as outlined in the recent AAAS Vision 

and Change “call to action,” for example 

(7), requires much more than inquiry teach-

ing. For instance, faculty need to assess how 

well students entering a course can apply 

scientifi c thinking to questions about major 

concepts, and then assess whether such criti-

cal thinking skills improve after instruction. 

In my view, faculty who teach truly trans-

formed science courses, as defi ned by ele-

ments such as these, deserve the honors. 
CHARLENE D’AVANZO

School of Natural Science, Hampshire College, Amherst, MA 
01002, USA. E-mail: davanzo@hampshire.edu
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ment of Science, Washington, DC, 2010).

Response
I THANK D’AVANZO FOR HER COMMENTS, 
which refl ect the leadership roles that she 

has played in improving science education 

at the college level, with a focus on ecol-

ogy and the environment (1). It would be 

terrifi c if Science could provide an award 

for the best college science teachers as she 

suggests. However, we wanted to establish 

a prize that we could judge fairly without 

requiring site visits. We also sought a prize 

that would lead to publications in Science 

that effectively disseminate best practices. 

Given these constraints, a series of consulta-

tions with college educators led to the 2011 

prize for inquiry-based laboratory mod-

ules. Through this prize, we hope to seize 

an opportunity that exists to redirect the 

substantial resources now being devoted to 

laboratories associated with college science 

courses in which the students follow a com-

pletely scripted recipe (“cookbook laborato-

ries”), while also recognizing a set of out-

standing college science educators.

Unfortunately, unlike the rapid spread of 

best practice that occurs in scientifi c research, 

enormous special efforts are required to con-

vince scientists to adopt or adapt outstanding 

tools for education that have been developed 

by colleagues at different institutions. It is our 

hope that Science’s vetting process and wide 

reach will help to drive a widespread rethink-

ing of college science laboratories; we also 

believe that there is always great value in rec-

ognizing true excellence. 
BRUCE ALBERTS

Editor-in-Chief

Reference
 1.  C. D’Avanzo, Frontiers Ecol. Environ. 1, 533 (2003).

TECHNICAL COMMENT ABSTRACTS

Comment on “Mantle Flow Drives the Subsidence of Oceanic Plates”

Marcel B. Croon, John K. Hillier, John G. Sclater

Adam and Vidal (Reports, 2 April 2010, p. 83) reported sea-fl oor depth increasing as the square root of distance from 
the ridge along “mantle fl ow lines.” However, their data actually support a depth-age relationship and “fl attening” at 
older ages. We argue that no plausible physical mechanism supports their proposal that mantle fl ow drives subsidence.

Full text at www.sciencemag.org/cgi/content/full/331/6020/1011-a

Response to Comment on “Mantle Flow Drives the Subsidence of 
Oceanic Plates”

Claudia Adam and Valérie Vidal

Croon et al. challenge our conclusion that sea-fl oor depth variations are driven by the underlying mantle convection. We 
point out that, contrary to their claim, our data analysis is pertinent and that the sea-fl oor linear trend as the square root 
of the distance from the ridge is a robust observation. The mechanism responsible for this trend is an asthenospheric fl ow, 
faster than the overlying plate, which shapes the lithosphere structure.

Full text at www.sciencemag.org/cgi/content/full/331/6020/1011-b

Published by AAAS

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


DOI: 10.1126/science.1193587
, 1011 (2011);331 Science

, et al.Marcel B. Croon
Comment on ''Mantle Flow Drives the Subsidence of Oceanic Plates''

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): February 24, 2011 www.sciencemag.org (this infomation is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/331/6020/1011.1.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

 http://www.sciencemag.org/content/331/6020/1011.1.full.html#ref-list-1
, 1 of which can be accessed free:cites 16 articlesThis article 

 http://www.sciencemag.org/content/331/6020/1011.1.full.html#related-urls
1 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/tech_comment
Technical Comments

 http://www.sciencemag.org/cgi/collection/geochem_phys
Geochemistry, Geophysics

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2011 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/331/6020/1011.1.full.html
http://www.sciencemag.org/content/331/6020/1011.1.full.html#ref-list-1
http://www.sciencemag.org/content/331/6020/1011.1.full.html#related-urls
http://www.sciencemag.org/cgi/collection/geochem_phys
http://www.sciencemag.org/cgi/collection/tech_comment
http://www.sciencemag.org/


Comment on “Mantle Flow Drives the
Subsidence of Oceanic Plates”
Marcel B. Croon,1* John K. Hillier,2 John G. Sclater1

Adam and Vidal (Reports, 2 April 2010, p. 83) reported sea-floor depth increasing as the square
root of distance from the ridge along “mantle flow lines.” However, their data actually support
a depth-age relationship and “flattening” at older ages. We argue that no plausible physical
mechanism supports their proposal that mantle flow drives subsidence.

Sea-floor depth (z) yields important in-
formation on how the lithosphere cools,
thickens with age (t), and interacts with

the asthenosphere. Adam and Vidal (1) took a
different approach from previous z-t studies (2–7)
and demonstrated an apparent relationship be-
tween z and the square root of distance (

ffiffiffi

x
p

) along
“mantle flow lines” away from the spreading
ridge for the Pacific plate. In such studies,
which make inferences about physical models
of oceanic lithosphere from empirical relation-
ships (e.g., z-t), it is critical that the “normal”
analyzed depths only reflect the physical pro-
cesses in the model. These plate-scale processes
are thousands of kilometers in length. Com-
plications include (i) the effects of mantle plumes
(e.g., hot-spot swells), large volcanic features,
seamounts, flexural bulges and fracture zones,
(ii) the dramatic decrease of ocean floor area
with age, and (iii) visual compression at older
ages when plotting z º

ffiffi

t
p

or
ffiffiffi

x
p

. Here, we
highlight some of the shortcomings in the anal-
ysis of Adam and Vidal (1) and discuss why they
draw incorrect conclusions about the physical
implications.

First, flow lines computed with the NUVEL-
1A model in the No Net Rotation reference frame
for the Pacific plate (8), as described in the sup-
porting online material accompanying (1), do
not match the trajectories of their illustrative
profiles (Fig. 1A). The source of the discrepancy
is not known because the six trajectories by
Adam and Vidal (1) cannot fit a single rotation
pole. The misfit is the largest for profiles aa′, bb′
(Fig. 1B1), and ff′ (Fig. 1B2). Second, Adam and
Vidal (1) fit zº

ffiffiffi

x
p

trend lines visually without
modeling or quantitative criteria. Hence, their pro-
file trends are subjective, and no objective re-
production is possible. Third, parameters in their
empirical model z ¼ zR þ a

ffiffiffi

x
p

[equation 1 in
(1)], where zR is ridge depth and a is subsidence
rate, are not determined by fitting sea-floor to-
pography data unaffected by crustal-scale pro-
cesses. This leads to the incorrect appearance

of a single z º
ffiffiffi

x
p

trend to fit sea-floor depths
along several of their presented profiles. The
younger parts of profiles cc′, dd′, and ee′ have a
low a value because (i) they follow trajectories at
a relatively high (~40°) angle to the direction of
most-rapidly increasing sea-floor age (9) and
(ii) 60 to 0 million years ago (Ma), sea-floor
spreading was comparatively fast (9). Adam and
Vidal (1) projected these low a values to older
ages along the profiles. This resulted in a low z-

ffiffiffi

x
p

gradient that passes through shallow features,
which are unassociated with the plate-scale z-

ffiffiffi

x
p

model and were inappropriately retained in the
analysis, leading to an apparent but biased fit.
Profile cc′ crosses the Tuamotu and Manihiki
Plateaus, dd′ the Mid-Pacific Mountains, and ee′
the Hess Rise. Sea floor in these areas of thick-
ened crust is up to ~1 km shallower than normal

(10, 11). Profile dd′ crosses the Line Islands
Swell, and ee′ crosses the Hawaiian Swell. These
isolated hot-spot swells are hundreds of kilome-
ters wide, up to ~1 km high (12), and they are
only included for models with plumes, for ex-
ample, (13). Profiles aa′ and ff′ best avoid these
problems. They end at sea floor younger than 85
Ma and are equally well fit by both zº

ffiffi

t
p

and
z º

ffiffiffi

x
p

trends. Profile bb′ crosses the Tharp
Fracture Zone at

ffiffiffi

x
p

= 1150m1/2, where sea-floor
age increases ~20 million years (My) and depth
increases ~500 m, producing an apparent zº

ffiffiffi

x
p

fit. However, our profile xx′ (Fig. 1), which is not
biased by such discontinuities, initially exhibits a
z º

ffiffiffi

x
p

trend but then shallows and deepens
where the age varies as it crosses the Osbourn
Trough, a Cretaceous fossil spreading center.
This demonstrates that age is a major factor in the
subsidence of oceanic lithosphere at old ages.

Because single profiles are easily misinter-
preted, we calculated the median z from the data
of the six profiles presented by Adam and Vidal
(1). Median z increases as

ffiffiffi

x
p

up to ~2700 m1/2

and thereafter “flattens” (Fig. 2A). However, such
an approach is misleading because (i) most data
that represent the flattening are “abnormal” [e.g.,
as “distance criterion” of (4, 6)] and (ii)

ffiffiffi

x
p

can-
not be simply translated to

ffiffi

t
p

to address heat in-
put. Plotting z º

ffiffi

t
p

(Fig. 2B) presents clear
evidence of flattening for ocean floor older than
80 Ma. Therefore, if any valid inference is pos-
sible, their data selection requires heat flow into

TECHNICALCOMMENT

1Scripps Institution of Oceanography, University of California,
San Diego, 9500 Gilman Drive, San Diego, CA 92093–0220,
USA. 2Department of Geography, Loughborough University,
Loughborough, Leicestershire LE11 3TU, UK.

*To whom correspondence should be addressed. E-mail:
mcroon@ucsd.edu

Fig. 1. (A) Predicted bathymetry of the Pacific plate (13), with profiles from (1) (black lines) and
recalculated (purple lines), profile xx′ (red line), and isochrons for illustrative magnetic anomalies (white
lines). (B1 and B2) Lambert azimuthal equal-area projection of profiles aa′, bb′, and ff′ from (1) (black
lines) and recalculated profiles (purple lines), which are part of small circles (dashed purple lines)
calculated for the NUVEL-1Amodel in the No Net Rotation reference frame for the pole of the Pacific plate
(longitude, –72.6°; latitude, 63.0°, purple dots) (8). (C) Profile xx′, zº

ffiffi

x
p

(black), linear trend (red), sea-
floor ageº

ffiffi

x
p

(blue). Sediment loading correction as in (16).
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old lithosphere (14) or some otherway of counter-
acting the effects of a conductively cooling half-
space (15).

The fundamental omission of Adam and
Vidal (1) is the lack of a physically justifiable
model: Even if z º

ffiffiffi

x
p

trends were to be
accepted, they do not demonstrate causally that
“mantle flow drives the subsidence of oceanic
plates.”For instance, “asthenospheric flow trajec-
tories,” where z increases linearly with

ffiffi

t
p

(e.g.,
profiles cc′, dd′, and ee′), will exhibit z º

ffiffiffi

x
p

trends due to conductive cooling (15). Adam and
Vidal propose that temperature variations at the
base of the lithosphere modulate subsidence,
which is neither controversial nor novel [see, e.g.,
(12)]. Specifically, they argue that a 47- to 50-Ma
rearrangement of the mantle convection has pro-

vided the Pacific plate sufficient time to adapt
to new thermal conditions. This appears incon-
sistent with their claim that “no additional heat
supply is required at the base of the lithosphere.”
Moreover, plotting z º

ffiffiffi

x
p

implies some rela-
tionship between asthenospheric temperature and
x. However, the mechanism for this has not been
explained by Adam and Vidal. To demonstrate a
serious problemwith currently acceptedmodels of
ocean lithospheric subsidence, they would have to
show that a robustly extracted z º

ffiffiffi

x
p

relation-
ship can be applied to the entire Pacific, Atlantic,
and Indian oceans. They have not done this.

Even though Adam and Vidal made an am-
bitious attempt to propose a different approach
to the topic of ocean lithospheric subsidence,
we do not believe that they have demonstrated

an absence of sea-floor flattening. Rather, we
show that their combined data favor flattening
at old ages, consistent with recent analyses of
the zº

ffiffi

t
p

relation for the Pacific plate (2, 4, 5).
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Fig. 2. (A) zº
ffiffi

x
p

data
(gray dots) for the six
profiles (1), median (red
line), T34% percentile
contours (green lines),
and ordinary least squares
(OLS) trend line (black) for
median (calculated for
x= 0 to 2000m1/2). Bins:
depth 200 m, distance
500 km. Sediment load-
ing correction as in (16).
(B) Data as in (A) but
presented as z º

ffiffi

t
p

.
OLS fit to 80 Ma. Bins: depth 200 m, age 5 My.
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Response to Comment on “Mantle
Flow Drives the Subsidence
of Oceanic Plates”
Claudia Adam1* and Valérie Vidal2

Croon et al. challenge our conclusion that sea-floor depth variations are driven by the underlying
mantle convection. We point out that, contrary to their claim, our data analysis is pertinent
and that the sea-floor linear trend as the square root of the distance from the ridge is a robust
observation. The mechanism responsible for this trend is an asthenospheric flow, faster than
the overlying plate, which shapes the lithosphere structure.

Even if it is widely accepted that mantle
convection exists, its causes and conse-
quences are still subject to debate. We

investigated the subsidence of the oceanic lith-
osphere and proposed, based on the sea-floor
depth analysis, that it is driven by the underlying
mantle convection (1). This approach, different
from previous studies, is strongly criticized by
Croon et al. (2). Here, we provide answers to
what they contend are shortcomings of our work.

Croon et al. first claim that our flow lines do
not match the trajectories of our illustrative pro-
files. Our computation was based on the velocity
grid obtained through the UNAVCO Plate Mo-
tion Calculator Site (1), for the NUVEL-1A kine-
matics model, in the No Net Rotation reference
frame. We doubled-checked our trajectories es-
timation by refining the velocity grid step down
to 10 km. We confirm that the trajectories shown
in (1)—very similar to Croon et al.’s in the north-
ern part—are correct. We would appreciate a
deeper comparison between the methods in order
to understandwhere the discrepancy comes from.

We agree that one of the major problems
when studying the sea-floor thermal subsidence
is to remove from its topography all data that
could be linked to any different process. In other
words, “The central problem is in satisfactorily
defining normal” (3). Many methods have been
proposed to remove abnormal sea floor from the
data sets, from statistics (4) to manual removal
of topography (5). As pointed out by Kim and
Wessel (6), robust methods for filtering the
bathymetry do exist, but in any case, the use of
a median filter alone is inadequate for removing
the shallow topographic features. This point has
been clearly demonstrated by several authors,
including the authors of the comment (7). Indeed,
the median filter has “a tendency to pass through

topography” (7). It tends to overestimate the sea-
floor main trend, especially at old ages where
these features are statistically concentrated (8),
thus introducing an apparent “flattening.” This
artifact is enhanced by stacking the profiles [see
figure 2A in (2)].

In our study (1), we did not attempt to re-
move any “abnormal” sea floor on purpose. Be-
cause the wavelength of the intraplate anomalies
is much shorter than the subsidence trend, they
did not interfere with its visual determination
(1). In Fig. 1, we show that, by using a method
based on an adequate bathymetry filtering, the
MiFil method (9), the trend can be automatically
recovered in a reproducible way. The results from
this method are in good agreement with our pre-
vious fit.

The discussion of Croon et al. (2) on the short
wavelength features crossed by our profiles may
be interesting for the general knowledge of the
Pacific geological features but is irrelevant for the
present study. Indeed, contrary to their claim, we
did not retain these features in our analysis, as
explained in (1). Our subsidence trend describes
accurately the sea-floor basement. Negative de-
partures correspond to fracture zones. The shal-
low features appear clearly above the main trend
(yellow areas in Fig. 1).

The xx′ profile is located close to the tran-
sition zone, where the length of the mantle con-
vective cell (distance ridge-trench) jumps from
7000 km (south) to more than 14,000 km (north).
Strong perturbations in the convection pattern are
expected in this area, which could explain the
departures from the main subsidence trend. Still,
we roughly recover the general trend (xx′, Fig. 1).
The main difference with Croon et al.’s analysis
likely originates from the discrepancy in the tra-
jectories computation.

To account for the local variations in ridge
height and subsidence rate, it is indispensable to
consider single profiles. Stacking the profiles, as
Croon et al. (2) did, impedes any physical inter-
pretation of the regional variations of the sub-
sidence parameters. These variations are generally
interpreted in terms of active mantle processes.

However, they are ignored by these authors, who
precisely claim their importance for understanding
the lithosphere/asthenosphere interaction.

Another purported shortcoming pointed out
by Croon et al. is the lack of a physical mech-
anism that could support our assertion. Here, we
discuss a mechanism through which the large-
scale convection—with no additional heat supply
at old ages—shapes the lithosphere structure.
This requires an asthenospheric flow faster than
the overlying lithosphere (Fig. 2). This scenario
is realistic if one considers the resistive forces
acting at the trenches, already discussed by sev-
eral authors (10–12). In particular, Höink and
Lenardic demonstrated that a “sluggish” lidmode,
where asthenospheric velocities exceed surface
velocities, is a robust scenario for plate tectonics
(12). The presence of a low-viscosity layer at the
base of the lithosphere leads to the channelization
of the flow in the asthenosphere, which affects the
lithospheric thermal structure, all over the plate.

Assuming the existence of an asthenospheric
flow faster than the lithosphere, it is possible to
develop an analytical model, which quantitative-
ly assesses how this flow shapes the lithosphere
structure. If, contrary to Höink and Lenardic’s
model (12), we do not consider a Poiseuille-
Couette flow in the asthenosphere, but a velocity
profile v ~wza, wherea → 0, then the velocity in
the asthenosphere is constant over most of its
depth, with a thin upper boundary layer (Fig. 2),
and the term v ⋅ ∇

→
T is predominant to determine

the asthenospheric temperature field. The choice
of the asthenospheric flow structure determines
the shape of the overlying lithosphere, which, in
this case, scales as the square root of the distance
from the ridge. This choice is obviously not
unique but provides a plausible explanation for
the sea-floor depth observations.

Höink and Lenardic (12) showed that the
asthenospheric flow characteristics depend on the
plate geometry and boundaries. If these charac-
teristics allow an asthenospheric flow faster than
the lithosphere for the Pacific, this may not be
the case for the other tectonic plates.

In conclusion, we agree with Croon et al. (2)
that sea-floor depth yields important information
on the thermal structure of the lithosphere and its
interaction with the underlying asthenosphere.
The data analysis, however, requires a more care-
ful approach. The points developed above show
that our data selection and analysis are pertinent.
To account for the observed correlations, we pro-
pose that the asthenospheric flow, faster than the
overlying lithosphere, shapes the structure of the
plate. The variation of the sea-floor depth as the
square root of the distance from the ridge along
the flow lines is a robust observation and may
help to discriminate among the many astheno-
spheric flow structures proposed in the literature.
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Fig. 2. Sketch of the lithosphere-asthenosphere
interaction. In our model, the velocity in the as-
thenosphere is faster than the overlying plate and
almost constant over the asthenosphere depth,
except for a thin upper boundary layer. Ts and Tm
indicate the seawater and mantle temperature,
respectively. The heat flux Q at the base of the
lithosphere is imposed by the flow within the
asthenosphere.

Fig. 1. (Large panel) Bathymetry of the Pacific plate corrected for sediment loading and flow lines (1). (Small
panels) Profiles along the flow lines; in black, sea-floor depth as a function of the square root of the distance
from the ridge; in red, linear trend zºx1=2 visually recovered (1), in blue the new reproducible fit. To obtain
the automatic fit, we first remove the general trend from the bathymetry profile. Indeed, the median
filtering, involved in the second stage of the MiFil method (9) used here, is very sensitive to sloping trends.
We then filter the depth anomaly (bathymetry, minus first linear fit in x1/2) with theMiFil method (r=80, 40,
150, 180, 120, and 40 km for BB′, xx′, CC′, DD′, EE′, and FF′, respectively, and R = 4000 km; the ridge
proximity is filtered with r = 5 km and R = 100 km in all the profiles). We then add the filtered depth
anomaly to the general trend we first determined and perform a second linear fit. This second fit is
represented in blue. Arrows indicate the local geological features responsible for the departures from the
linear trend (FZ, fracture zone). We highlight in yellow the shallow features (volcanoes, swells, superswell,
and oceanic plateaus), which clearly stand upon the main subsidence trend.
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          I
n 1971, discussing the case for a new 300-

GeV accelerator, Werner Heisenberg put 

his finger on the “difficult dilemma” 

faced by scientists who argue for fi nancial 

support from the government. Should such 

scientists be considered objective advisors 

with relevant technical expertise or mem-

bers of one interest group among many oth-

ers? His answer—perhaps more honest, cer-

tainly less popular, than that of many of his 

colleagues—is that they were already both: 

“[I]t is essential that high-energy specialists 

be consulted as advisors, since only they can 

really judge the details. On the other hand, 

these specialists are necessarily also inter-

ested parties, since they or 

their students want to work 

at the giant accelerator.”

If this dilemma was dif-

fi cult, however, it was noth-

ing compared with some 

of the issues involved in 

Heisenberg’s forays into 

the “public sphere” in post-

war Germany. How and 

how well should science 

be funded in general? How 

might Germany be rein-

corporated into an inter-

national scientifi c scene? What role should 

scientists play in the development of civil-

ian nuclear technologies? What status should 

the objection or support of scientists for West 

German nuclear armament have? Were such 

fi gures, as some opponents suggested, trad-

ing on their titles as Nobelists to disguise pri-

vate, subjective opinions as public, objective 

reason? How should one speak (or not) of the 

period under National Socialism, and what 

kinds of moral claims and confessions were 

appropriate for public dissemination? All of 

these questions and many others are explored 

in Cathryn Carson’s meticulously researched, 

carefully and thoughtfully argued, and utterly 

compelling monograph, Heisenberg in the 

Atomic Age. Carson uses postwar Germany’s 

most prominent scientifi c fi gure to examine 

questions of particular interest to historians 

of modern physics as well as issues of much 

broader scope: Did Heisenberg himself sug-

gest, as many have claimed, 

that he worked against 

the production of a Ger-

man atomic bomb? (Carson 

argues that he did not.) How 

did contemporary intellectu-

als (scientists and humanists) 

conceive of the place of sci-

entifi c reason and technolog-

ical power in the reconstruc-

tion of Germany after the Nazi era?

Among the book’s central concepts is the 

notion of the public sphere, a term devel-

oped by the philosopher Jürgen Habermas 

( 1). Habermas saw the public sphere as an 

ideal realm in which reason 

and argument trumped rheto-

ric and partisanship—a site, 

in Carson’s words, “of cultural 

and political freedom from 

domination, standing apart 

from state power, a demo-

cratic domain where the ‘coer-

cionless coercion’ of the bet-

ter argument should prevail.” 

While Habermas’s book spoke 

about the birth of the public 

sphere in the Enlightenment, it 

also spoke to its contemporary 

German setting. It was a dream for the pres-

ent as much as a description of the past, and 

physicists as well as philosophers had stakes 

in creating a space that included particular 

forms of argumentation while rejecting oth-

ers. Indeed, Carson makes a strong case for 

the idea that the history of science policy 

serves as a remarkably good way to follow 

the transformation in the West German pol-

ity that was visible by the 1970s.

Characteristically, the book insists on 

reading Habermas’s words as descriptions of 

the present as well as the past. Throughout, 

Carson resists the temptation to understand 

Heisenberg’s postwar statements as more 

or less transparent windows onto pre- and 

intrawar events. Thus, for example, while she 

describes Heisenberg’s accounts of his work 

on the German atomic project in some detail, 

she refuses, for the most part, to engage 

with the question of their veracity. “[T]he 

construction of Heisenberg’s sequence of 

accounts,” Carson argues, “is in every way a 

postwar story. The reason to tell it is to plumb 

the postwar dynamics of speaking, not reach 

some illusory clarity on what Heisenberg did 

during the war.” As a result of this method-

ological commitment, the book is not a biog-

raphy in any conventional sense. Also, read-

ers seeking close descriptions of Heisenberg’s 

research should look else-

where: this is a study of 

Heisenberg as a partici-

pant in and producer of 

public, literary, cultural, 

and political life.

More generally, Car-

son appears skeptical of 

the very premise of bio-

graphical writing, partic-

ularly its aim to produce 

a “psychological portrait” 

or a sense that “we have him fi gured out.” In 

Heisenberg’s case, such skepticism seems 

well justifi ed, for nothing seems to character-

ize his public writings as much as multivocal-

ity, the ability to say many things at different 

registers. Heisenberg himself embraced this 

characteristic by structuring his best-selling 

autobiography ( 2) as a series of dialogues 

and systematically avoiding the use of the 

personal pronoun in the book’s preface. He 

wished to avoid, he told his translator, “the 

impression … that I am always speaking 

about myself in the book.”

Of course, when such multivocality and 

wariness of direct statements concerned his 

motives and actions during the war, many 

of his readers—particularly in the United 

States—found Heisenberg evasive, even 

duplicitous. Carson’s close attention to the 

history of Heisenberg’s public writings and 

to genre, location, and language tends to 

make such conclusions a little too pat, in a 

way that goes beyond the references to his-

torical uncertainty common after Michael 

Frayn’s wildly popular Copenhagen. If we 

do not have Heisenberg figured out after 

Carson’s account, we at least have a sense of 

the situatedness of his utterances in a fraught 

political context. “Creating and stabilizing a 

post-Nazi Germany … was no unambiguous 

or single-voiced process.” A profound con-

tribution to work on Heisenberg, this book 

speaks to issues well beyond histories of sci-

ence and Germany. It encourages real and 

timely meditation on the place of science in 

a democratic polity.  
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A
t the United Nations (UN) climate 

negotiations in Cancún, Mexico, in 

December 2010, the parties agreed 

to a global target of no more than 2°C warm-

ing above preindustrial levels. In an impor-

tant new step, both developed and develop-

ing countries agreed to take urgent action 

to reduce greenhouse gas (GHG) emissions 

to meet this long-term goal. They also set 

important milestones on reducing deforesta-

tion and providing funds to help developing 

countries adapt to climate change.

An offi cial side event considered key out-

comes from the well-attended Agriculture 

and Rural Development Day at Cancún ( 1). 

However, a work program on agriculture was 

not included in the wider climate agreements. 

We understand that the relevant text was 

linked to the issue of fuels for international 

aviation and maritime transport, and these 

proved so contentious that the whole section 

was dropped.

This is a critical omission, as agricul-

ture is a major direct and indirect source of 

GHGs ( 2), and food production is strongly 

infl uenced by climate, as well as by climate 

change mitigation policies. In the absence of 

food security, it will be diffi cult or impos-

sible to make hard decisions needed to curb 

GHG emissions.

Agriculture and the food system need to 

move center stage in climate change discus-

sions as delegates prepare for the next UN 

negotiations in December 2011 in South 

Africa. We need to rethink the way we use 

land to produce food, and to bring the chal-

lenges of sustainability and reducing emis-

sions to the fore. This has been a central 

theme of the UK Government’s Foresight 

Programme on the Future of Food and Farm-

ing to which we, along with experts from 35 

countries, have been contributors. The study 

took a broad approach to the food system, 

including its impact on the environment and 

especially climate change, as 

well as the special needs of the 

world’s poorest. It demonstrates 

both the importance of incorpo-

rating agriculture into climate 

change discussions, and the 

urgency for action ( 3).

Agriculture and Climate Change

Agriculture is a major source of 

CO
2
 emissions and contributes 

a disproportionate amount of 

other GHGs with high impact 

on warming [about 47% and 

58% of total CH
4
 and N

2
O 

emissions, respectively ( 4)]. Of all global 

land area, 34% is used for food production 

( 5), and this ties up a vast amount of carbon: 

Changes in agricultural practices that affect 

this store could have a considerable effect on 

global warming ( 6).

Climate change will affect our ability to 

produce food in multiple ways. Rising global 

temperatures and sea level together with 

changing patterns of precipitation will affect 

crop growth and livestock performance, 

as well as fi sheries and aquaculture yields. 

Extreme weather events will become both 

more severe and more frequent, which will 

in turn increase volatility in production and 

prices. Some aspects of climate change may 

be benefi cial to food production, but overall 

yields are highly likely to be reduced.

Implementation of the agreements made 

at Cancún will require large cuts in global 

GHG emissions. Thirty-seven industrialized 

countries and the European Union (EU) have 

already agreed in the Kyoto Protocol to bind-

ing targets to reduce GHGs by 5% (on aver-

age) from 1990 levels between 2008 and 2012 

( 7). In addition, using the same 1990 base-

line, the EU is legally committed to reduce 

emissions by 20% by 2020 ( 8), whereas the 

UK has set the legally binding target of reduc-

ing emissions by 34% by 2020 and at least 

80% by 2050 ( 9). Ambitious goals such as 

these cannot be achieved without involving 

the food system. Policies for mitigating cli-

mate change will have a substantial effect on 

production. If applied inappropriately, these 

could have a detrimental effect on food avail-

ability, especially for the 925 million ( 3) who 

already experience chronic hunger and for 

the additional billion or so who suffer nutri-

ent and vitamin defi ciencies.

Land Use

The Cancún meeting made notable prog-

ress in an area with important ramifi cations 

for the food system. Pressure from expand-

ing agriculture has led to much recent tropi-

cal deforestation, especially in South Amer-

ica and Southeast Asia. Land conversion 

releases large amounts of GHGs and is one 

of the most serious, although indirect, ways 

that pressure from the food system contrib-

utes to global warming. The UN initiative on 

Reducing Emissions from Deforestation and 

Forest Degradation (REDD) offers fi nancial 

incentives to developing countries to reduce 

deforestation. Negotiators at Cancún for-

mally adopted the framework and fi nancial 

commitments needed for REDD+, which 

goes even further and includes conservation, 

sustainable management of forests, and ways 

to enhance forest carbon stocks ( 10).

We believe that, when all the environmen-

tal consequences of land conversion are taken 

into account, there will rarely be a sensible 

economic or environmental case to convert 

natural habitats, especially tropical rainfor-

ests, for food production ( 3). Thus, a larger, 

future global population, on average wealth-

ier than today and so demanding a better diet, 

will need to be fed from roughly the same area 

of land. This will require higher yields that do 

not damage the environment or contribute to 

further climate change: in other words, a pro-

gram of sustainable intensifi cation.

Research, Practice, and Incentives

The challenge of global food security in a 

world with more than 9 billion people by 

mid-century is so great that action is needed 

on all aspects of the food system, each of 

which needs to take into account its effects 
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on climate change ( 11).
To increase yields sustainably, a huge 

amount can be achieved using existing 
knowledge and skills. The major challenge 
is to incentivize and spread best practice. We 
need the reinvention of extension services, 
to build the relevant skills base among food 
producers, and the introduction of better eco-
nomic incentives to make it worthwhile for 
farmers to adopt new practices. For example, 
a variety of methods are available to increase 
the nitrogen effi ciency of crop and livestock 
production or to reduce methane emissions 
from livestock or wetland rice. Much more 
carbon could be sequestered in farmland, 
both in soils and agroforestry (combining 
trees and shrubs with crops and/or livestock). 
Novel approaches are needed to reward farm-
ers who produce these global goods.

Agricultural research is already reori-
enting itself from focusing purely on higher 
yields to developing crops and livestock that 
have less impact on climate. Active research 
programs aim to increase the effi ciency with 
which crops and livestock use inputs such 
as water and nutrients. More radical ideas 
include introducing nitrogen fixation into 
cereals and manipulating the fodder and gut 
fl ora of ruminants to reduce their CH

4
 emis-

sions. Research is long-term and success 
uncertain—investment is needed now in mul-
tiple possible approaches.

Making the food chain more effi cient can 
both increase food supply and reduce GHG 
emissions. As much as 30% of all food grown 
worldwide may be lost or wasted before and 
after it reaches the consumer ( 3). Reducing 
waste would seem to benefit everyone. In 
low-income countries, much waste occurs on 
the farm and in transport; investment in eco-
nomic and physical infrastructure is the high-
est priority. In higher-income countries most 
food is wasted in the home and in the service 
sector, so a profound cultural change in con-
sumer behavior is needed.

One of the most contentious areas of food 
and climate policy is the extent to which 
consumers should be made or encouraged to 
change their diet to reduce the environmen-
tal impact of what they eat. For example, 
many forms of meat production lead to sub-
stantial GHG emissions. It would require an 
unsustainable expansion of agriculture and 
have major effects on climate were everyone 
to adopt an intake of meat like that of the 
United States and Europe. Demand modifi -
cation can only be successful if backed by 
societal consensus; thus, we urgently need 
to begin a dialogue to explore these critical 
and diffi cult issues.

We have concentrated here on global 

issues of climate and food, but policy in these 
areas must reflect the importance of end-
ing hunger among the poorest, who are also 
likely to suffer the most from climate change. 
Reducing GHG emissions will involve costs, 
and justice demands that these are not borne 
by those least able to pay.

Food System Models and Data

The food system is complex, and interven-
tions often have unintended and deleterious 
effects on food security, or have major con-
sequences that affect GHG emissions. Agri-
cultural, economic, and climate modelers 
must compare their models more systemati-
cally, share results, and integrate their work to 
meet the needs of policy-makers. We believe 
that there is a clear need for an international 
forum to bring together economists and sci-
entists modeling the food system—the equiv-
alent of that already in existence in the energy 
community ( 12).

Better models require better access to 
data, as initiatives in climate modeling sup-
ported by the Intergovernmental Panel on Cli-
mate Change have proved. Although the UN 
Food and Agriculture Organization (FAO) 
and other organizations maintain important 
data resources for the food system, they do 
not fully meet the needs of the research com-
munity trying to address multidisciplinary 
global questions involving, for example, the 
interaction of the food, climate, hydrological, 
and economic systems. The Foresight Report 
calls for a global open-source database pull-
ing together agricultural, land-use, economic, 
and environmental data available throughout 
the world. This will spur the development of 
new types of models integrating physical, 
biological, and socio-economic processes.

Political Will

There is encouraging evidence that food secu-
rity is rising up the political agenda. African 
Union countries have committed to increase 
public investment in agriculture to a mini-
mum of 10% of their national budgets ( 13). In 
developed countries, there have been impor-
tant recent initiatives, for example, the $20 
billion L’Aquila Food Security Initiative ( 14).

Although we believe that food and climate 
policy need further integration, there are also 
noteworthy signs of growing linkages. A new 
initiative announced by the World Bank at 
Cancún, the Roadmap for Action: Agricul-
ture, Food Security and Climate Change, 
sets out proposals for linking agriculture-
related investments with the transition to cli-
mate-smart growth ( 15). Also, the Consul-
tative Group on International Agricultural 
Research has a program in Climate Change 

Agriculture and Food Security, which has 
recently set up the International Commis-
sion on Sustainable Agriculture and Cli-
mate Change to identify policy changes and 
actions needed to help the world achieve sus-
tainable agriculture.

But resolutions and commissions are not 
enough, and political will is needed to effect 
change on the ground. Climate change and 
food security are, we argue, the twin grand 
challenges for humanity in the 21st century. 
Failure to act now will require much more 
difficult decisions in the future, and there 
is a substantial risk of the climate-induced 
collapse of the food system in a country or 
region—with global, economic, and political 
implications. Much can be done to address 
these two challenges but they require imme-
diate and coordinated action.
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         F
rom studies with peas over 150 years 

ago, Gregor Mendel deduced the laws 

that govern the inheritance of traits 

in most organisms. The brilliance, but also 

the limitation, of Mendel’s work was its 

focus on single-gene traits, such as fl ower 

color and plant height. However, phenotypic 

variation, including that which underlies 

health and disease in humans, often results 

from multiple interactions among numerous 

genetic and environmental factors. Systems 

genetics seeks to understand this complex-

ity by integrating the questions and methods 

of systems biology with those of genetics 

to solve the fundamental problem of inter-

relating genotype and phenotype in complex 

traits and disease.

This global perspective is possible 

because of the technologies, information, and 

infrastructure that derive from the Human 

Genome Project, which sequenced the 

genome as a way to locate genes and other 

functional DNA sequence elements. These 

advances now allow comprehensive “-omic” 

measurements of RNAs, proteins, small mol-

ecules, and chemical modifi cations of DNA. 

The application of these technologies has 

enabled an unprecedented scale and scope of 

genetic and phenotypic surveys. But this does 

not in itself constitute a new fi eld of study. 

Instead, the defining principle of systems 

genetics is understanding how genetic infor-

mation is integrated, coordinated, and ulti-

mately transmitted through molecular, cellu-

lar, and physiological networks to enable the 

higher-order functions and emergent proper-

ties of biological systems.

In contrast to the networks of molecular 

and physical interactions that dominate the 

field of systems biology, systems genetics 

focuses on networks of interactions between 

genes and traits, as well as between traits 

themselves. The analytical foundations for 

characterizing these relationships are based 

on graph theory and the statistics of correla-

tion and causality ( 1,  2). Predictions that result 

from these network models can be tested with 

genetic mutations, chemical agents, or envi-

ronmental exposures as single-factor pertur-

bations. Machine learning methods ( 3) can 

prioritize candidate genes and network 

functions for further study.

Typically, gene expression lev-

els based on global profi les have 

been analyzed as quantitative 

phenotypes, so-called eQTLs 

(expression quantitative trait 

loci) ( 4) to study diverse bio-

logical phenomena in yeasts, 

plants, flies, worms, mice, 

and humans. Examples range 

from sleep patterns in fl ies ( 5) 

to metabolite concentrations 

in plants ( 6). To date, however, 

most of the pioneering studies 

in this fi eld have focused on clas-

sically reductionist questions, such 

as gene discovery, rather than sys-

tems problems, such as homeostasis.

An essential but not yet fully exploited 

application of systems genetics is the infer-

ence of higher-order functionality in complex 

systems from patterns of covariation among 

underlying molecular and physiological phe-

notypes. A proof-of-concept study showed, for 

example, that an established inverse relation-

ship between distinct systems, namely muscle 

mass and heart rate, emerged from echocar-

diographic measures of heart structure and 

function in a genetically heterogeneous pop-

ulation ( 7). Then, with single-gene mutations 

as perturbations, conserved and compromised 

network features were identifi ed as clues to 

the mechanistic and systems basis for car-

diac homeostasis and dysfunction. This para-

digm represents a powerful strategy to solve 

systems problems such as the coordination 

of physiological functions within and among 

organs that are diffi cult to address with con-

ventional reductionist approaches.

An important goal of systems genetics 

is identifying targets for modulating pheno-

typic outcomes to treat and prevent disease. 

This is diffi cult to achieve, however, because 

the sensitivity of particular trait relationships 

to perturbation is usually not evident. Modi-

fi er genes—variants in one gene that modu-

late the phenotypic manifestations of another 

gene—could be an effi cient means of iden-

tifying such network targets. These variant 

genes often restore normal biological func-

tionality despite the presence of the original 

disease-causing gene. Modifi er effects are 

ubiquitous in both simple and complex traits 

in many organisms ( 8,  9). Examples in the 

mouse include modifi ers that modulate the 

extent of Purkinje cell loss and dysfunction 

in models of neurodegenerative diseases ( 10), 

and others that control the severity of type 2 

diabetes in obese mice ( 11). An especially 

exciting application of modifi er genetics is 

the use of complete genome sequencing of 

families ( 12) that show variation in the clini-

cal presentation of disease. With the increas-

ing power of new technologies to provide 

complete genome sequences at dramatically 

reduced costs, systematic surveys to iden-

tify modifi er genes should now be possible in 

humans and model organisms.

Although the goal of understanding how 

genetic and phenotypic variants interact to 

create the functional diversity of organismal 

biology has not changed since Mendel, the 

experimental and computational methods of 

systems genetics will fi nally enable studies of 

previously intractable problems. For exam-

ple, it may be possible to determine whether 

genetic networks governing different biologi-

cal processes (development versus physiol-

ogy, for example) have distinct network fea-

tures, structures, and parameters. In addition, 
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Multidimensional network. The image depicts the 
type of result one might get from a systems genetics 
approach (data on networks of interactions among 
genes and traits, for example), represented with 
modern visualization tools. 
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variation in robustness, criticality, and other 

systems properties can be studied among 

individuals or populations, or in healthy ver-

sus disease states. Finally, computational 

models of underlying network architectures 

and properties can be developed to predict 

phenotypic outcome in response to different 

genetic backgrounds, environmental factors, 

or targeted perturbations aimed at reversing 

disease outcome. Systems genetics is now 

poised to address these and other fundamen-

tal questions in biology and medicine. 
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Deeper Tissue Imaging 
with Total Detection
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Optical images of tissue can be obtained 

from greater depth when multiphoton-excited 

fl uorescence is collected from all around 

a sample.

        I
f you simply held your fi nger in front of 

a strong source of light, you would see 

that visible light passes through centime-

ters of the tissue held in front of it. Even more 

light passes through tissue at near-infrared 

wavelengths, but even if you could see it, you 

would still not be able to distinguish between 

the bone and fl esh, or other internal struc-

tures. The reason is that light scatters multiple 

times in the tissue, and the image blurs; reso-

lution and contrast decrease as we try to look 

deeper into tissue. Other instrumental meth-

ods—such as x-ray tomography, ultrasound, 

and magnetic resonance imaging (MRI)—

can “see through” nontransparent objects 

and have been revolutionary in medicine and 

material science, yet we are still unable to 

use visible light and its accompanying spec-

troscopic information to look inside tissues. 

Recently, Combs et al. ( 1,  2) found a way 

to improve the amount of fl uorescent light 

collected from highly scattering samples, 

thereby increasing the sharpness of images at 

depth that was never reached before. By con-

structing a light collector all around the sur-

face being imaged, they increased the depth 

from which images could be obtained by 

about a factor of 2.

This approach represents a substantial 

improvement over current methods, and the 

technique can be applied to most instruments 

based on multiphoton excitation of the fl uo-

rescence. Until about 20 years ago, the maxi-

mum depth that an optical microscope could 

reach into an organ like the brain and still 

maintain the optical resolution was limited to 

about 100 µm. This depth limit was dramati-

cally broken with the invention of the multi-

photon microscope by Webb and co-workers 

at Cornell ( 3). The development of lasers that 

could deliver femtosecond pulses of near-

infrared light with high peak power allowed 

fl uorescence to be excited from molecules in 

a very small spot deep in the tissue. The mole-

cules can absorb more than one photon, so the 

energy delivered is similar to that of an ultra-

violet source. The location at which excitation 

occurs is determined by collecting the fl uo-

rescence at the surface of the sample, so it is 

possible to “image” its origin. A three-dimen-

sional map is then constructed by scanning the 

focal point through the sample.

Even with the multiphoton microscope, 

there are limitations on how deep the 

fl uorescence can originate and still 

be imaged. To produce the nonlinear 

effect that excites fl uorescence, the 

instantaneous light intensity must 

be very high at a narrow spot. Even 

at a depth on the order of 1 mm, the 

formation of usable images is pre-

vented by the scattering of the tis-

sue, which defocuses and broadens 

the near-infrared excitation spot. 

Another problem is that the emit-

ted light from the spot travels in all 

directions and only a small fraction 

is collected by the lens that is used 

to produce the excitation spot (see 

the fi gure). Combs et al. combined 

multiphoton fl uorescence excitation 

with very high collection effi ciency 

to increase the depth of imaging in 

scattering samples to about 2 mm.

Several approaches could further 

increase the imaging depth. Light 

shifted even further toward the infra-

red is scattered less by tissue and 

could be used in a multiphoton exci-

tation scheme to image molecules 

that emit red light. Another improve-

ment could come from the use of C
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“Total detection”“Total detection”

Collection
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1 mm

 More than skin deep. Schematic representation of the imag-
ing method used for fl uorescence excitation and emission in 
multiple scattering tissues. Laser light is focused by an objec-
tive lens deep into tissue. As the excitation light travels through 
the medium, it loses intensity as it is scattered. In multiphoton 
excitation, only the light at the focal point can excite the tis-
sue fl uorescence, and fl uorescence emission occurs in all direc-
tions. In the conventional microscope, only a small fraction of 
the emitted light can reach the detector because the light is 
conveyed by the same lens to the detector. In the instrument 
described by Combs et al., the amount of light that is collected 
with a parabolic mirror and conveyed to the detector is a much 
larger fraction of the total emission. The improved collection 
allows imaging deeper and with better contrast.
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variation in robustness, criticality, and other 

systems properties can be studied among 

individuals or populations, or in healthy ver-

sus disease states. Finally, computational 

models of underlying network architectures 

and properties can be developed to predict 

phenotypic outcome in response to different 

genetic backgrounds, environmental factors, 

or targeted perturbations aimed at reversing 

disease outcome. Systems genetics is now 

poised to address these and other fundamen-

tal questions in biology and medicine. 
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collected from highly scattering samples, 

thereby increasing the sharpness of images at 

depth that was never reached before. By con-

structing a light collector all around the sur-

face being imaged, they increased the depth 

from which images could be obtained by 

about a factor of 2.

This approach represents a substantial 

improvement over current methods, and the 

technique can be applied to most instruments 

based on multiphoton excitation of the fl uo-

rescence. Until about 20 years ago, the maxi-

mum depth that an optical microscope could 

reach into an organ like the brain and still 

maintain the optical resolution was limited to 

about 100 µm. This depth limit was dramati-

cally broken with the invention of the multi-

photon microscope by Webb and co-workers 

at Cornell ( 3). The development of lasers that 

could deliver femtosecond pulses of near-

infrared light with high peak power allowed 

fl uorescence to be excited from molecules in 

a very small spot deep in the tissue. The mole-

cules can absorb more than one photon, so the 

energy delivered is similar to that of an ultra-

violet source. The location at which excitation 

occurs is determined by collecting the fl uo-

rescence at the surface of the sample, so it is 

possible to “image” its origin. A three-dimen-

sional map is then constructed by scanning the 

focal point through the sample.

Even with the multiphoton microscope, 

there are limitations on how deep the 

fl uorescence can originate and still 

be imaged. To produce the nonlinear 

effect that excites fl uorescence, the 

instantaneous light intensity must 

be very high at a narrow spot. Even 

at a depth on the order of 1 mm, the 

formation of usable images is pre-

vented by the scattering of the tis-

sue, which defocuses and broadens 

the near-infrared excitation spot. 

Another problem is that the emit-

ted light from the spot travels in all 

directions and only a small fraction 

is collected by the lens that is used 

to produce the excitation spot (see 

the fi gure). Combs et al. combined 

multiphoton fl uorescence excitation 

with very high collection effi ciency 

to increase the depth of imaging in 

scattering samples to about 2 mm.

Several approaches could further 

increase the imaging depth. Light 

shifted even further toward the infra-

red is scattered less by tissue and 

could be used in a multiphoton exci-

tation scheme to image molecules 

that emit red light. Another improve-

ment could come from the use of C
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“Total detection”“Total detection”

Collection

through the

objective

Tissue

1 mm

 More than skin deep. Schematic representation of the imag-
ing method used for fl uorescence excitation and emission in 
multiple scattering tissues. Laser light is focused by an objec-
tive lens deep into tissue. As the excitation light travels through 
the medium, it loses intensity as it is scattered. In multiphoton 
excitation, only the light at the focal point can excite the tis-
sue fl uorescence, and fl uorescence emission occurs in all direc-
tions. In the conventional microscope, only a small fraction of 
the emitted light can reach the detector because the light is 
conveyed by the same lens to the detector. In the instrument 
described by Combs et al., the amount of light that is collected 
with a parabolic mirror and conveyed to the detector is a much 
larger fraction of the total emission. The improved collection 
allows imaging deeper and with better contrast.
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optical clearing agents ( 4); these hyperos-

motic agents, such as dimethyl sulfoxide 

(DMSO), decrease the water content of tissue 

and thereby reduce optical scattering.

However, it appears that increasing imag-

ing depth to the centimeter range will require 

the development of new approaches. Cur-

rently, technologies are available that allow 

us to image deep into tissues in the centime-

ter range, but at the expense of optical res-

olution and contrast ( 5). Still, there are sev-

eral appealing aspects of using visible or 

near-infrared light to image deep into tissues. 

These wavelengths of light do not produce 

the ionizing effects of x-rays. The use of light 

is relatively low in cost compared with imag-

ing techniques such as MRI and positron 

emission tomography. Optical imaging can 

achieve submicrometer spatial resolution, 

and contrast can be very high when imaging 

specifi c fl uorescent molecules that are found 

naturally in tissue or genetically produced by 

the expression of fl uorescence proteins. The 

ability to create optical images of the brain 

or other organs could help unravel molecular 

and cellular interactions in live animals. 
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The structure of a methyltransferase indicates 

how the enzyme selects its DNA substrates.

        D
NA methylation is a modification 

that controls gene expression and 

contributes to mammalian develop-

ment, aging, and cancer cell biology ( 1,  2). 

In mice and humans, the addition of a methyl 

group to a cytosine within a cytosine-guanine 

(CG) dinucleotide is catalyzed by DNA meth-

yltransferase (DNMT) enzymes DNMT3A, 

DNMT3B, or DNMT1. The latter is the main 

“maintenance methylase” because it adds 

a methyl group primarily to double-strand 

DNA that is already methylated on one strand 

(hemimethylated). How DNMT1 prefers 

hemimethylated over unmethylated DNA, in 

contrast to DNMT3A and DNMT3B, has not 

been clear. On page 1036 of this issue, Song 

et al. ( 3) present the crystal structures of 

human and mouse DNMT1 in complex with 

unmethylated DNA, providing an explana-

tion for the mechanism of substrate selection 

by this crucial enzyme.

DNMT1 is a modular protein with a car-

boxyl-terminal class I methyltransferase 

domain that is preceded by two bromo-adja-

cent homology (BAH) domains and a cyste-

ine-rich CXXC domain (where C is cysteine 

and X is any amino acid). The methyltrans-

ferase domain is structurally related to that in 

bacterial methyltransferases such as M. HhaI 

( 4) and M. HaeIII ( 5), and also in human 

DNMT3A ( 6). The catalytic mechanism of 

DNMT1 involves entry of the target cyto-

sine into the active site of the methyltrans-

ferase domain, where transfer of the methyl 

group from an S-adenosylmethionine mol-

ecule to the cytosine occurs. Surprisingly, 

in the structure of the complex of DNMT1 

with unmethylated DNA, Song et al. find 

that although DNA is poised to enter the 

active site cleft, it is prevented from doing 

so by a long and highly acidic polypeptide 

loop called the autoinhibitory linker, which 

connects the CXXC domain and fi rst BAH 

domain (see the fi gure). Song et al. observed 

the same overall arrangement in the mouse 

and human structures, indicating that the 

results are not an artifact of crystallization. 

Positioning of the loop is driven by interac-

tion of the CXXC domain with the region of 

DNA containing the target CG dinucleotides. 

The CXXC domain makes specifi c interac-

tions with the dinucleotides and also with 

the DNA backbone. Modeling of methylated 

cytosines shows that steric clashes would pre-

vent these interactions and explains the pref-

erence of DNMT1 for hemimethylated over 

unmethylated DNA. The structures show that 

only unmethylated DNA can interact produc-

tively with the CXXC domain and that this 

interaction helps position the autoinhibitory 

linker correctly for blocking DNA methyla-

tion. Because hemimethylated DNA cannot 

interact favorably with the CXXC domain, it 

cannot drive the loop to enter the active site, 

and the methyltransferase domain is free to 

interact with the DNA. Thus, at least one 

crucial role of the CXXC domain is to dis-

criminate between hemi- and unmethylated 

DNA and thereby control which molecules 

are modifi ed.

However, the role of the BAH domains 

still remains unclear. Both are adjacent to the 

methyltransferase domain, but are directed 

away from the active site or DNA binding 

cleft. The second BAH domain has a long 

loop that extends to the other side of the meth-

yltransferase domain and interacts with the 

target recognition domain (TRD), a region 

that contacts the CXXC domain. The TRDs C
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Substrate selectivity. (Left) In the presence of unmethylated DNA, the CXXC domain of DNMT1 interacts 
with DNA and drives the autoinhibitor linker to a position that precludes interaction of DNA with the meth-
yltransferase catalytic domain. (Right) In the presence of hemimethylated DNA, the CXXC domain cannot 
interact with the DNA, and the autoinhibitor linker does not block the active site. This allows target DNA to be 
positioned properly in the active site for methylation to occur.
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optical clearing agents ( 4); these hyperos-

motic agents, such as dimethyl sulfoxide 

(DMSO), decrease the water content of tissue 

and thereby reduce optical scattering.

However, it appears that increasing imag-

ing depth to the centimeter range will require 

the development of new approaches. Cur-

rently, technologies are available that allow 

us to image deep into tissues in the centime-

ter range, but at the expense of optical res-

olution and contrast ( 5). Still, there are sev-

eral appealing aspects of using visible or 

near-infrared light to image deep into tissues. 

These wavelengths of light do not produce 

the ionizing effects of x-rays. The use of light 

is relatively low in cost compared with imag-

ing techniques such as MRI and positron 

emission tomography. Optical imaging can 

achieve submicrometer spatial resolution, 

and contrast can be very high when imaging 

specifi c fl uorescent molecules that are found 

naturally in tissue or genetically produced by 

the expression of fl uorescence proteins. The 

ability to create optical images of the brain 

or other organs could help unravel molecular 

and cellular interactions in live animals. 
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The structure of a methyltransferase indicates 

how the enzyme selects its DNA substrates.

        D
NA methylation is a modification 

that controls gene expression and 

contributes to mammalian develop-

ment, aging, and cancer cell biology ( 1,  2). 

In mice and humans, the addition of a methyl 

group to a cytosine within a cytosine-guanine 

(CG) dinucleotide is catalyzed by DNA meth-

yltransferase (DNMT) enzymes DNMT3A, 

DNMT3B, or DNMT1. The latter is the main 

“maintenance methylase” because it adds 

a methyl group primarily to double-strand 

DNA that is already methylated on one strand 

(hemimethylated). How DNMT1 prefers 

hemimethylated over unmethylated DNA, in 

contrast to DNMT3A and DNMT3B, has not 

been clear. On page 1036 of this issue, Song 

et al. ( 3) present the crystal structures of 

human and mouse DNMT1 in complex with 

unmethylated DNA, providing an explana-

tion for the mechanism of substrate selection 

by this crucial enzyme.

DNMT1 is a modular protein with a car-

boxyl-terminal class I methyltransferase 

domain that is preceded by two bromo-adja-

cent homology (BAH) domains and a cyste-

ine-rich CXXC domain (where C is cysteine 

and X is any amino acid). The methyltrans-

ferase domain is structurally related to that in 

bacterial methyltransferases such as M. HhaI 

( 4) and M. HaeIII ( 5), and also in human 

DNMT3A ( 6). The catalytic mechanism of 

DNMT1 involves entry of the target cyto-

sine into the active site of the methyltrans-

ferase domain, where transfer of the methyl 

group from an S-adenosylmethionine mol-

ecule to the cytosine occurs. Surprisingly, 

in the structure of the complex of DNMT1 

with unmethylated DNA, Song et al. find 

that although DNA is poised to enter the 

active site cleft, it is prevented from doing 

so by a long and highly acidic polypeptide 

loop called the autoinhibitory linker, which 

connects the CXXC domain and fi rst BAH 

domain (see the fi gure). Song et al. observed 

the same overall arrangement in the mouse 

and human structures, indicating that the 

results are not an artifact of crystallization. 

Positioning of the loop is driven by interac-

tion of the CXXC domain with the region of 

DNA containing the target CG dinucleotides. 

The CXXC domain makes specifi c interac-

tions with the dinucleotides and also with 

the DNA backbone. Modeling of methylated 

cytosines shows that steric clashes would pre-

vent these interactions and explains the pref-

erence of DNMT1 for hemimethylated over 

unmethylated DNA. The structures show that 

only unmethylated DNA can interact produc-

tively with the CXXC domain and that this 

interaction helps position the autoinhibitory 

linker correctly for blocking DNA methyla-

tion. Because hemimethylated DNA cannot 

interact favorably with the CXXC domain, it 

cannot drive the loop to enter the active site, 

and the methyltransferase domain is free to 

interact with the DNA. Thus, at least one 

crucial role of the CXXC domain is to dis-

criminate between hemi- and unmethylated 

DNA and thereby control which molecules 

are modifi ed.

However, the role of the BAH domains 

still remains unclear. Both are adjacent to the 

methyltransferase domain, but are directed 

away from the active site or DNA binding 

cleft. The second BAH domain has a long 

loop that extends to the other side of the meth-

yltransferase domain and interacts with the 

target recognition domain (TRD), a region 

that contacts the CXXC domain. The TRDs C
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of bacterial and mammalian methyltransfer-

ases show little structural or sequence similar-

ity. In bacterial enzymes, this region specifi -

cally contacts the CG dinucleotides located 

in the DNA strand that is complementary to 

the strand that contains the CG methylation 

target. It may be that in mammalian enzymes 

the TRD plays a similar role and that the pres-

ence of the CXXC domain not only helps 

position the autoinhibitory linker in the active 

site, but also precludes TRD interaction with 

DNA. Biochemical assays show that mutant 

enzymes lacking the CXXC domain, or the 

autoinhibitory linker, or amino acids that 

interact specifi cally with the CG dinucleotide 

region have increased methylation activity, 

thus supporting the structural observations 

and the model for autoinhibition.

The proposed mechanism of substrate 

selection by DNMT1 reflects recurring 

themes in enzyme regulation: the recruit-

ment of structural domains to provide addi-

tional interactions, and the use of mobile 

polypeptide loops that block the active site, 

as has been observed, for example, in some 

kinases that phosphorylate protein substrates. 

Furthermore, the structures confi rm expected 

similarities in the methyltransferase domains 

of DNMT1 and DNMT3A.

The work by Song et al. prompts several 

questions about the structure of DNMT1 in 

complex with its preferred substrate, hemi-

methylated DNA. In this case, it may be pos-

sible to determine the structure of a produc-

tive complex with DNA and discover the 

position of the CXXC domain and the auto-

inhibitor linker by using azacitidine-derived 

cytosine bases to stabilize the complex for 

crystallization. A structure of full-length 

DNMT1, which includes the amino-terminal 

protein interaction domains, may also reveal 

the functional relationships of all the domains 

within this complex enzyme.

Cysteine-rich domains in DNMT3A, 

DNMT3B, and DNMT3L [a nonfunc-

tional regulatory partner of DNMT3A and 

DNMT3B ( 7)] differ from the CXXC domain 

in DNMT1, suggesting that they may have 

divergent functions, such as facilitating de 

novo methylation of unmethylated substrates. 

By contrast, the structural similarity between 

the CXXC domains in DNMT1 and MLL 

( 8), a histone methyltransferase, may provide 

functional information about this domain in 

unrelated enzymes that modify chromatin to 

regulate gene expression. 
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Sulfur Surprises in Deep 
Geological Fluids

GEOCHEMISTRY

Craig E. Manning

Sulfur in hot, high-pressure water exists 

in an unexpected form, S
3

–, that changes our 

understanding of processes as varied as ore 

formation and volcano degassing.
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        P
rized for their deep-blue color, the 

mineral lazurite and the rock it domi-

nates, lapis lazuli, have been quarried 

for millennia in a few localities such as the 

Sar-e-Sang mines in Badakhshan province, 

Afghanistan. The ultramarine stones have 

contributed to jewelry boxes and pigment 

bases from before King Tut’s reign to mod-

ern times. Their remarkable coloration origi-

nates from charge transfer between groups 

of the trisulfur anion, S
3

– ( 1,  2). It is so strik-

ing a hue that French postmodernist Yves 

Klein famously created his own version 

of this pigment to coat his friends and his 

sculptures in blue, foreshadowing today’s 

Blue Man Group. On page 1052, Pokrovski 

and Dubrovinsky ( 3) provide new evidence 

that S
3

– may be far more common than previ-

ously realized.

Sulfur plays a critical role in biology, 

atmospheric and ocean chemistry, and mul-

tiple interior processes ( 4), so it is important 

to know what forms it takes in different geo-

chemical settings. Sulfur is distrib-

uted throughout the mantle and 

crust mainly in sulfi de (S2–) and 

sulfate (SO
4

2+) minerals, and it 

fi nds its way into deep geologic 

fl uids when these mineral reser-

voirs are perturbed by tectonic 

processes. For example, when 

rocks melt deep in Earth, sulfur is 

drawn into the molten magma. As these 

liquids rise to the surface, they cool and 

decompress, and some of the material crystal-

lizes. These processes expel dissolved gases 

(mainly H
2
O and CO

2
), which can then form 

a separate liquid or vapor that can serve as a 

reservoir for sulfur. Similarly, tectonic burial 

of surface rocks causes constituent hydrous 

crystals to react and form new minerals that 

contain less water, creating a fl uid phase rich 

in water. The accompanying sulfur-bearing 

minerals partly dissolve, likewise transfer-

ring sulfur to the fl uid.

Studies of sulfur dissolved in fl uids have 

focused on sulfi de and sulfate forms chiefl y 

because they predominate in sulfur-bearing 

minerals, glasses quenched from magmas, 

and fluids included in tiny bubbles within 

minerals. Dissolved sulfi de and sulfate medi-

ate geochemical processes through forma-

tion of aqueous complexes with metals. For 

example, gold is normally unreactive, but 

valuable deposits of gold are found in ore 

veins that precipitated from hot geologic fl u-

ids. The transport agent that is often invoked 

is sulfur because it forms stable bisulfide 

(HS–) complexes ( 5). Through a complicated 

series of physical and chemical steps, sul-

fur complexes extract and transport gold to 

its eventual site of precipitation in such set-

tings as magmatic hydrothermal systems ( 6). 

The very different oxidation states of sulfate 

(6+) and sulfi de (2–) mean that the changes 

Department of Earth and Space Sciences, University of Cali-
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Even sulfur gets the blues. 
Lapis lazuli gets its distinctive 
blue color from the mineral lazur-
ite, (Na,Ca)

8
Al

6
Si

6
O

24
(SO

4
,S,Cl)

2
, 

when light excites charge trans-
fer between groups of the trisulfur 
anion S

3
–. This anion was thought 

to be relatively scarce, but the 
results of Pokrovski and Dubrovin-
sky suggest that it may be the 
dominant state of sulfur in fl uids 
deep within Earth.
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of bacterial and mammalian methyltransfer-

ases show little structural or sequence similar-

ity. In bacterial enzymes, this region specifi -

cally contacts the CG dinucleotides located 

in the DNA strand that is complementary to 

the strand that contains the CG methylation 

target. It may be that in mammalian enzymes 

the TRD plays a similar role and that the pres-

ence of the CXXC domain not only helps 

position the autoinhibitory linker in the active 

site, but also precludes TRD interaction with 

DNA. Biochemical assays show that mutant 

enzymes lacking the CXXC domain, or the 

autoinhibitory linker, or amino acids that 

interact specifi cally with the CG dinucleotide 

region have increased methylation activity, 

thus supporting the structural observations 

and the model for autoinhibition.

The proposed mechanism of substrate 

selection by DNMT1 reflects recurring 

themes in enzyme regulation: the recruit-

ment of structural domains to provide addi-

tional interactions, and the use of mobile 

polypeptide loops that block the active site, 

as has been observed, for example, in some 

kinases that phosphorylate protein substrates. 

Furthermore, the structures confi rm expected 

similarities in the methyltransferase domains 

of DNMT1 and DNMT3A.

The work by Song et al. prompts several 

questions about the structure of DNMT1 in 

complex with its preferred substrate, hemi-

methylated DNA. In this case, it may be pos-

sible to determine the structure of a produc-

tive complex with DNA and discover the 

position of the CXXC domain and the auto-

inhibitor linker by using azacitidine-derived 

cytosine bases to stabilize the complex for 

crystallization. A structure of full-length 

DNMT1, which includes the amino-terminal 

protein interaction domains, may also reveal 

the functional relationships of all the domains 

within this complex enzyme.

Cysteine-rich domains in DNMT3A, 

DNMT3B, and DNMT3L [a nonfunc-

tional regulatory partner of DNMT3A and 

DNMT3B ( 7)] differ from the CXXC domain 

in DNMT1, suggesting that they may have 

divergent functions, such as facilitating de 

novo methylation of unmethylated substrates. 

By contrast, the structural similarity between 

the CXXC domains in DNMT1 and MLL 

( 8), a histone methyltransferase, may provide 

functional information about this domain in 

unrelated enzymes that modify chromatin to 

regulate gene expression. 
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Sulfur Surprises in Deep 
Geological Fluids

GEOCHEMISTRY

Craig E. Manning

Sulfur in hot, high-pressure water exists 

in an unexpected form, S
3

–, that changes our 

understanding of processes as varied as ore 

formation and volcano degassing.
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rized for their deep-blue color, the 

mineral lazurite and the rock it domi-

nates, lapis lazuli, have been quarried 

for millennia in a few localities such as the 

Sar-e-Sang mines in Badakhshan province, 

Afghanistan. The ultramarine stones have 

contributed to jewelry boxes and pigment 

bases from before King Tut’s reign to mod-

ern times. Their remarkable coloration origi-

nates from charge transfer between groups 

of the trisulfur anion, S
3

– ( 1,  2). It is so strik-

ing a hue that French postmodernist Yves 

Klein famously created his own version 

of this pigment to coat his friends and his 

sculptures in blue, foreshadowing today’s 

Blue Man Group. On page 1052, Pokrovski 

and Dubrovinsky ( 3) provide new evidence 

that S
3

– may be far more common than previ-

ously realized.

Sulfur plays a critical role in biology, 

atmospheric and ocean chemistry, and mul-

tiple interior processes ( 4), so it is important 

to know what forms it takes in different geo-

chemical settings. Sulfur is distrib-

uted throughout the mantle and 

crust mainly in sulfi de (S2–) and 

sulfate (SO
4

2+) minerals, and it 

fi nds its way into deep geologic 

fl uids when these mineral reser-

voirs are perturbed by tectonic 

processes. For example, when 

rocks melt deep in Earth, sulfur is 

drawn into the molten magma. As these 

liquids rise to the surface, they cool and 

decompress, and some of the material crystal-

lizes. These processes expel dissolved gases 

(mainly H
2
O and CO

2
), which can then form 

a separate liquid or vapor that can serve as a 

reservoir for sulfur. Similarly, tectonic burial 

of surface rocks causes constituent hydrous 

crystals to react and form new minerals that 

contain less water, creating a fl uid phase rich 

in water. The accompanying sulfur-bearing 

minerals partly dissolve, likewise transfer-

ring sulfur to the fl uid.

Studies of sulfur dissolved in fl uids have 

focused on sulfi de and sulfate forms chiefl y 

because they predominate in sulfur-bearing 

minerals, glasses quenched from magmas, 

and fluids included in tiny bubbles within 

minerals. Dissolved sulfi de and sulfate medi-

ate geochemical processes through forma-

tion of aqueous complexes with metals. For 

example, gold is normally unreactive, but 

valuable deposits of gold are found in ore 

veins that precipitated from hot geologic fl u-

ids. The transport agent that is often invoked 

is sulfur because it forms stable bisulfide 

(HS–) complexes ( 5). Through a complicated 

series of physical and chemical steps, sul-

fur complexes extract and transport gold to 

its eventual site of precipitation in such set-

tings as magmatic hydrothermal systems ( 6). 

The very different oxidation states of sulfate 

(6+) and sulfi de (2–) mean that the changes 

Department of Earth and Space Sciences, University of Cali-
fornia, Los Angeles, CA 90095, USA. E-mail: manning@ess.
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Even sulfur gets the blues. 
Lapis lazuli gets its distinctive 
blue color from the mineral lazur-
ite, (Na,Ca)

8
Al

6
Si

6
O

24
(SO

4
,S,Cl)

2
, 

when light excites charge trans-
fer between groups of the trisulfur 
anion S

3
–. This anion was thought 

to be relatively scarce, but the 
results of Pokrovski and Dubrovin-
sky suggest that it may be the 
dominant state of sulfur in fl uids 
deep within Earth.
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between these two forms lead to transfers of 

many electrons, which can drive oxidation or 

reduction reactions of the host rocks. Large 

tracts of deep crustal rocks exhibit evidence 

for in situ oxidation that may have been infl u-

enced by sulfur redox chemistry ( 7).

The assumption that sulfur in deep fl u-

ids exists chiefl y as sulfi de or sulfate is based 

on these species being the most common 

forms in surface waters, but they could also 

be products of rapid reactions of other sulfur 

compounds in deep fl uids as they rise to the 

surface. Pokrovski and Dubrovinsky used a 

hydrothermal diamond-anvil cell and Raman 

spectroscopy to look for other sulfur species 

dissolved in water at high pressures and tem-

peratures. They found that S
3

– is favored as 

temperature and pressure are increased, and 

predominates above ~300°C at all pressures 

investigated and over a wide pH range.

The results offer intriguing possibilities for 

rethinking processes in deep geofl uids. They 

support additional pathways for gold transport 

and deposition in hydrothermal systems ( 8). 

They also require a new assessment of sul-

fur’s history before it reaches the atmosphere 

in some volcanic eruptions. Sulfur-rich vol-

canic systems are associated with convergent 

plate boundaries—for example, the Pacifi c 

“Ring of Fire”—and may emit large volumes 

of SO
2
 gas. So much stratospheric SO

2
 was 

liberated during the 1991 eruption of Mount 

Pinatubo that average surface temperatures 

dropped globally by ~0.5°C for several years 

( 9). Interestingly, more sulfur was degassed in 

that event than could be accounted for in the 

magma parent, and the simplest explanation 

is that a sulfur-rich vapor phase released deep 

below the volcano was carried upward with 

the rising magma and into the eruption plume 

( 10). If Pokrovski and Dubrovinsky are cor-

rect, much of the SO
2
 that caused temporary 

global cooling could have formed from pre-

cursory aqueous S
3

–.

If S
3

– is to predominate in fl uids at depth, 

it must be stable in both acidic and alkaline 

solutions at high pressures and temperatures. 

As pressure and temperature increase, acids 

such as HCl and H
2
SO

4
 become much weaker 

and water dissociates more extensively to H+ 

and OH–. (Neutral pH in pure water at the 

pressures and temperatures encountered 15 

km beneath an active mountain belt such as 

the Himalayas is about 4, rather than 7.) Ele-

vated pressure also enhances the solubility 

of the minerals lining the fracture and cavity 

walls that allow fl uids to migrate ( 11). Acids 

would have less capacity to neutralize alka-

line solutions that are produced by a wide 

range of mineral-water reactions. Thus, it is 

noteworthy that the S
3

– anion was found to 

be stable over a wide range of pH.

However, Pokrovski and Dubrovinsky 

provide only part of the story. In magmas and 

ore-forming fl uids, iron content can infl uence 

the behavior of sulfur and its oxidation state, 

but only iron-free fl uids were investigated. 

Pokrovski and Dubrovinsky suggest that the 

similarity of the 103° S–S–S bond angle in 

S
3

– to that of H–O–H might make it more eas-

ily accommodated into the tetrahedral hydro-

gen-bonded network of the aqueous solvent. 

However, other groups, also using in situ 

Raman spectroscopy, detected no evidence 

for hydrogen bonding in water above ~400°C 

( 12,  13); such results imply that this famil-

iar and chemically important feature of water 

diminishes with temperature.

If we could shine light on deep geologic 

fl uids, the apparent prevalence of S
3

– means 

that they should be ultramarine blue in color 

( 14). Pokrovski and Dubrovinsky have now 

done for deep fl uids what others have done 

for silicate glasses and precursors to volcanic 

gases ( 15,  16) by revealing a form of sulfur 

with an intermediate redox state (relative to 

sulfi de and sulfate) whose geochemical con-

sequences must now be explored. Their fi nd-

ings continue a tradition of surprises in sulfur 

geochemistry that extends even to the source 

of color in ultramarine pigment, which could 

involve S
2

– in addition to S
3

– ( 17). 
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          T
he world’s approximately 10,000 bird 

species are key “mobile links” ( 1) in 

most major ecosystems, from tropi-

cal rainforests to the depths of the Antarctic 

Ocean. Birds provide crucial ecosystem ser-

vices, including seed dispersal, pollination, 

predation, scavenging, nutrient deposition, 

and ecosystem engineering ( 2– 4). Count-

less plant species depend on mutualistic rela-

tionships with birds for their survival ( 5– 7). 

However, threats such as habitat loss, intro-

duced species, and exploitation ( 7–9), exac-

erbated by the growing impact of climate 

change ( 10,  11), are causing large population 

declines and extinctions among birds (see the 

photo). As a result, hundreds of species now 

contribute negligibly to ecosystem function 

and are “functionally extinct” ( 8). Research-

ers have speculated that these losses could 

lead to declines in dependent plants ( 12– 14), 

but experimental proof has been scarce ( 4, 

 7,  12). On page 1068 of this issue, however, 

Anderson et al. ( 6) show that the functional 

extinction of three kinds of pollinating birds 

on an island in New Zealand has reduced 

pollination, seed production, and plant den-

sity in a dependent shrub.

Although research on bird-plant mutual-

isms tends to focus on seed dispersal rather 

than on pollination ( 5), researchers have 

documented about 2000 bird species visit-

ing fl owers; more than 900 species pollinate 

about 500 of the 13,500 genera of vascular 

plants ( 7,  15, 16). Anderson et al. studied 

three species of birds known to pollinate the 

shrub Rhabdothamnus solandri. They com-

pared shrub populations at sites on the North 
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between these two forms lead to transfers of 

many electrons, which can drive oxidation or 

reduction reactions of the host rocks. Large 

tracts of deep crustal rocks exhibit evidence 

for in situ oxidation that may have been infl u-

enced by sulfur redox chemistry ( 7).

The assumption that sulfur in deep fl u-

ids exists chiefl y as sulfi de or sulfate is based 

on these species being the most common 

forms in surface waters, but they could also 

be products of rapid reactions of other sulfur 

compounds in deep fl uids as they rise to the 

surface. Pokrovski and Dubrovinsky used a 

hydrothermal diamond-anvil cell and Raman 

spectroscopy to look for other sulfur species 

dissolved in water at high pressures and tem-

peratures. They found that S
3

– is favored as 

temperature and pressure are increased, and 

predominates above ~300°C at all pressures 

investigated and over a wide pH range.

The results offer intriguing possibilities for 

rethinking processes in deep geofl uids. They 

support additional pathways for gold transport 

and deposition in hydrothermal systems ( 8). 

They also require a new assessment of sul-

fur’s history before it reaches the atmosphere 

in some volcanic eruptions. Sulfur-rich vol-

canic systems are associated with convergent 

plate boundaries—for example, the Pacifi c 

“Ring of Fire”—and may emit large volumes 

of SO
2
 gas. So much stratospheric SO

2
 was 

liberated during the 1991 eruption of Mount 

Pinatubo that average surface temperatures 

dropped globally by ~0.5°C for several years 

( 9). Interestingly, more sulfur was degassed in 

that event than could be accounted for in the 

magma parent, and the simplest explanation 

is that a sulfur-rich vapor phase released deep 

below the volcano was carried upward with 

the rising magma and into the eruption plume 

( 10). If Pokrovski and Dubrovinsky are cor-

rect, much of the SO
2
 that caused temporary 

global cooling could have formed from pre-

cursory aqueous S
3

–.

If S
3

– is to predominate in fl uids at depth, 

it must be stable in both acidic and alkaline 

solutions at high pressures and temperatures. 

As pressure and temperature increase, acids 

such as HCl and H
2
SO

4
 become much weaker 

and water dissociates more extensively to H+ 

and OH–. (Neutral pH in pure water at the 

pressures and temperatures encountered 15 

km beneath an active mountain belt such as 

the Himalayas is about 4, rather than 7.) Ele-

vated pressure also enhances the solubility 

of the minerals lining the fracture and cavity 

walls that allow fl uids to migrate ( 11). Acids 

would have less capacity to neutralize alka-

line solutions that are produced by a wide 

range of mineral-water reactions. Thus, it is 

noteworthy that the S
3

– anion was found to 

be stable over a wide range of pH.

However, Pokrovski and Dubrovinsky 

provide only part of the story. In magmas and 

ore-forming fl uids, iron content can infl uence 

the behavior of sulfur and its oxidation state, 

but only iron-free fl uids were investigated. 

Pokrovski and Dubrovinsky suggest that the 

similarity of the 103° S–S–S bond angle in 

S
3

– to that of H–O–H might make it more eas-

ily accommodated into the tetrahedral hydro-

gen-bonded network of the aqueous solvent. 

However, other groups, also using in situ 

Raman spectroscopy, detected no evidence 

for hydrogen bonding in water above ~400°C 

( 12,  13); such results imply that this famil-

iar and chemically important feature of water 

diminishes with temperature.

If we could shine light on deep geologic 

fl uids, the apparent prevalence of S
3

– means 

that they should be ultramarine blue in color 

( 14). Pokrovski and Dubrovinsky have now 

done for deep fl uids what others have done 

for silicate glasses and precursors to volcanic 

gases ( 15,  16) by revealing a form of sulfur 

with an intermediate redox state (relative to 

sulfi de and sulfate) whose geochemical con-

sequences must now be explored. Their fi nd-

ings continue a tradition of surprises in sulfur 

geochemistry that extends even to the source 

of color in ultramarine pigment, which could 

involve S
2

– in addition to S
3

– ( 17). 
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          T
he world’s approximately 10,000 bird 

species are key “mobile links” ( 1) in 

most major ecosystems, from tropi-

cal rainforests to the depths of the Antarctic 

Ocean. Birds provide crucial ecosystem ser-

vices, including seed dispersal, pollination, 

predation, scavenging, nutrient deposition, 

and ecosystem engineering ( 2– 4). Count-

less plant species depend on mutualistic rela-

tionships with birds for their survival ( 5– 7). 

However, threats such as habitat loss, intro-

duced species, and exploitation ( 7–9), exac-

erbated by the growing impact of climate 

change ( 10,  11), are causing large population 

declines and extinctions among birds (see the 

photo). As a result, hundreds of species now 

contribute negligibly to ecosystem function 

and are “functionally extinct” ( 8). Research-

ers have speculated that these losses could 

lead to declines in dependent plants ( 12– 14), 

but experimental proof has been scarce ( 4, 

 7,  12). On page 1068 of this issue, however, 

Anderson et al. ( 6) show that the functional 

extinction of three kinds of pollinating birds 

on an island in New Zealand has reduced 

pollination, seed production, and plant den-

sity in a dependent shrub.

Although research on bird-plant mutual-

isms tends to focus on seed dispersal rather 

than on pollination ( 5), researchers have 

documented about 2000 bird species visit-

ing fl owers; more than 900 species pollinate 

about 500 of the 13,500 genera of vascular 

plants ( 7,  15, 16). Anderson et al. studied 

three species of birds known to pollinate the 

shrub Rhabdothamnus solandri. They com-

pared shrub populations at sites on the North 
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Island of New Zealand, where the birds are 

functionally extinct, to populations at sites 

on three nearby islands, where the birds 

remain abundant. Combining fi eld studies 

with experiments, the authors showed that 

functional extinction of the birds limited 

pollination of the shrub, reducing seed pro-

duction by 84% and reducing the number of 

juvenile plants produced per adult by 55%.

This report stands out because of its excep-

tional consideration of the long-term demo-

graphic effects of pollination failure. Ander-

son et al. followed the plant populations from 

pollination to seed production to recruitment, 

and then bolstered their fi ndings with “seed 

addition” experiments. In these experiments, 

the authors added shrub seeds to plots on 

the island where the polli-

nating birds were function-

ally extinct, then tracked 

the resulting seedlings for 

5 years. Seedling densities 

increased in the plots, pro-

viding evidence that pol-

lination reduction (and not 

other factors) explained the 

shrub’s decline. Seed addi-

tion is a time-consuming and 

labor-intensive approach, but 

it needs to be widely applied 

in other ecosystems.

The conservation impli-

cations of Anderson et 

al.’s fi ndings are profound. 

Reduced  r ec r u i tmen t 

resulted in gradual popula-

tion decline. Such gradual, 

cascading effects of pol-

lination failure may be far 

more common than has been 

realized. This issue is more 

urgent than ever because 

of widespread pollinator 

declines ( 12) and projected extinctions that 

may make pollinators the most threatened 

bird functional group in the 21st century ( 8). 

Increased specialization increases extinction 

risk (see the fi gure), and higher extinction 

rates of specialized pollinators will result in 

additional knock-on extinctions of depen-

dent species ( 17).

Birds are particularly important pollina-

tors for sparsely distributed plant species with 

isolated populations ( 18). Functional extinc-

tions of birds ( 7,  8,  12) already may have trig-

gered declines in these species, but conclusive 

studies are absent. This is particularly true in 

understudied tropical forests where seed dis-

persal and pollination by birds are particularly 

common, most plants are sparsely distributed, 

and the majority of the world’s threat-

ened bird species reside ( 7).

Anderson et al. also highlight 

the importance of avian pollinators 

on islands—and the importance of 

protecting them from threats such 

as introduced species. On Guam, 

another Pacific island, many avian 

pollinators have been wiped out by the 

introduced brown treesnake (Boiga 

irregularis), resulting in reduced seed 

set for the tree Erythrina variegata 

var. orientalis and reduced seed set 

and recruitment for the tree Brugui-

era gymnorrhiza. In contrast, nearby 

snake-free Saipan has retained an 

intact pollinator community ( 13).

Avian pollination is especially 

important in Australia, New Zea-

land, and other Pacifi c Ocean islands, 

which have greater proportions of 

bird-pollinated plants than other 

islands ( 18). Oceanic islands such as Guam 

and New Zealand are particularly vulnerable 

to pollinator losses ( 7,  13,  14,  19) due to tighter 

mutualisms among fewer species and the vul-

nerability of “naïve” residents to introduced 

predators—the main drivers of the declines 

and extinctions of oceanic island birds ( 6,  7). 

Pollinator losses particularly endanger island 

plants because many have lost their ability to 

self-pollinate and are entirely dependent on 

endemic pollinators ( 19).

Another cause for concern is that bird pol-

lination often involves fewer, more obligate 

species than avian seed dispersal, and plants 

are more likely to be limited by a shortage of 

bird pollinators than by a lack of dispersers 

( 5). Most plant populations investigated show 

pollinator limitation, and pollinator declines 

also reduce agricultural yields ( 12). Birds are 

believed to pollinate 3.5 to 5.4% of 1500 spe-

cies of crop or medicinal plants, three-quar-

ters of which cannot self-pollinate ( 15).

There is still time to conserve most of the 

world’s birds and their mutualists, but last-

minute efforts to hold extinctions at bay are 

not sufficient. Governments, nongovern-

mental organizations, and the public must 

immediately focus on stopping population 

declines and maintaining ecosystem func-

tions and services ( 20), and ecologists need 

to follow the lead of Anderson et al. and con-

duct the long-term studies needed to under-

stand, quantify, and communicate the conse-

quences of functional extinctions.  
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At risk. Venezuela’s endangered scissor-
tailed hummingbird (Hylonympha macro-
cerca) is just one pollinator under threat.
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Special vulnerability. Bird species with greater food and habitat specialization (to the right on x axis) face 
greater extinction risk. Birds that pollinate plants are expected to be especially vulnerable. Specialization 
index = 100 [100/(number of habitats used × number of food types eaten)]. Graph is based on all bird spe-
cies in the world (8).
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mRNA Delivers the Goods

MOLECULAR BIOLOGY

Kumaran S. Ramamurthi

In bacteria, RNAs contribute to the proper 

localization of the proteins they encode.
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        T
he ability to sort proteins to specifi c 

regions within a cell is conserved in 

all domains of life, even in structurally 

simple life forms like bacteria ( 1). Regardless 

of the organism, two parameters dictate how 

a protein arrives at its proper destination: The 

location harbors a unique feature that distin-

guishes it from other subcellular sites; and a 

specifi c signal, typically embedded within the 

protein itself, directs the protein to its target 

and is recognized at its proper destination ( 2). 

On page 1081 in this issue, Nevo-Dinur et al. 

( 3) report that in the bacterium Escherichia 

coli, the localization signal for some proteins 

may not be contained solely within the pro-

tein, but instead can lie within the mRNA that 

encodes the protein (see the fi gure).

Nevo-Dinur et al. focused on mRNAs 

encoding proteins that either remain in the 

cytosol or are inserted into the plasma mem-

brane of E. coli. They monitored mRNA 

localization in live cells by fusing mRNAs of 

interest with a specifi c nucleotide sequence 

that is recognized by an RNA-binding pro-

tein that is itself fused to green fl uorescent 

protein. The engineered RNA molecules 

produced functional proteins that could be 

tracked in live cells by fl uorescence micros-

copy. The authors observed mRNAs encod-

ing membrane proteins at the periphery of the 

cells, and those encoding soluble proteins in 

a helical pattern in the cytosol. Biochemical 

analysis of fractionated cell lysates confi rmed 

these locations.

According to the well-established sig-

nal peptide hypothesis, shortly after a ribo-

some begins synthesizing an integral mem-

brane protein, translation of the correspond-

ing mRNA temporarily arrests. The ternary 

complex, consisting of the ribosome, mRNA, 

and the nascent polypeptide, is then recruited 

to the cell’s secretion machinery; in bacteria, 

this resides at the plasma membrane. Transla-

tion arrest is then relieved and the polypep-

tide is inserted into the membrane as synthe-

sis resumes. Was the mRNA that Nevo-Dinur 

et al. detected at the cell’s periphery simply 

a passive passenger of the ternary complex 

during its trip to the plasma membrane? The 

authors inhibited translation to see what the 

fate of the mRNAs would be, either by adding 

translation-arresting antibiotics or by mutat-

ing the mRNA to prevent translation initia-

tion. Even in the absence of translation, the 

mRNAs still localized to the ultimate destina-

tion of their encoded proteins.

A polycistronic mRNA encodes multi-

ple open reading frames, and each is inde-

pendently translated into its correspond-

ing protein. Nevo-Dinur et al. examined the 

localization of polycistronic transcripts that 

encode both membrane proteins and cyto-

solic proteins. Mutational analysis indicated 

that a single open reading frame encoding a 

membrane protein was necessary and suf-

fi cient to direct a polycistronic transcript to 

the membrane, even if it also encoded cyto-

solic proteins. They also mapped the ele-

ment responsible for membrane localization 

within a region of the mRNA that encodes 

the membrane-spanning domain of the pro-

tein. Taken together, the results indicate that 

mRNAs in E. coli contain information that 

contributes to localizing their corresponding 

protein products in the cell (cytosol, mem-

brane, or cell poles).

Curiously, as early as 1975, mRNA mol-

ecules were detected in eukaryotic cells 

that remained associated with endoplas-

mic reticulum membranes, even after their 

associated ribosomes were removed from 

the ER ( 4). As a result, a model was con-

sidered in which association of mRNA with 

the ER membrane could direct ribosomes 

to the secretion machinery. However, subse-

quent overwhelming evidence for the signal 

peptide hypothesis suggested that informa-

tion encoded within the proteins themselves 

is suffi cient for proper localization and thus 

did not absolutely require a localization sig-

nal harbored within the mRNA ( 5,  6). As a 

result, years of subsequent research focused 

largely on proteins that localize to specifi c 

regions in the cell and the factors that recog-

nize them. More recent studies, though, have 

revived models that invoke a more active role 

for mRNAs in protein localization. For exam-

ple, in yeast, mRNAs encoding proteins that 

are destined for secretion via the ER may be 

exported from the nucleus solely by virtue 

of encoding a signal peptide sequence, even 

in the absence of a nuclear export complex 

( 7). Similarly, the 5′ sequence of mRNAs that 

encode proteins secreted by the bacterial type 

III protein secretion machinery have been 

implicated in harboring information required 

for secreting the proteins they encode ( 8). 

Nevo-Dinur et al. now suggest that mRNA 

Where to go? Proteins have been thought to harbor all the information that is required for localizing to their 

proper destination, whereas mRNAs serve only as templates for protein synthesis by the ribosome. In the bac-

terium E. coli, mRNAs also go to the destination of the proteins they encode, independent of the ribosome 

or protein synthesis. This suggests that mRNAs harbor information contributing to proper protein targeting 

in the cell.

Laboratory of Molecular Biology, National Cancer Institute, 
National Institutes of Health, Bethesda, MD 20892, USA. 
E-mail: ramamurthiks@mail.nih.gov
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Science Starts Early
PSYCHOLOGY

Frank C. Keil

Infants and children grasp surprisingly 

sophisticated correlational and causal patterns.

signals may be found in widely divergent 

protein localization pathways, not just during 

protein secretion.

Additional work will reveal whether 

mRNA signals represent a general pro-

tein localization strategy or if they remain 

exceptional examples. For example, a recent 

report revealed that several transcripts in E. 

coli and Caulobacter crescentus also local-

ize specifi cally, but that they remained very 

close to the chromosomal site where they 

were synthesized ( 9). In any case, the obser-

vations that mRNA molecules localize spe-

cifi cally within a bacterium predict the exis-

tence of pathways that mediate this localiza-

tion, and these components will need to be 

identifi ed. It appears that mRNA can con-

tribute not simply to encoding proteins, but 

to delivering them as well. 
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        I
nfants and young children can exhibit 

striking confusion about how the world 

works, from failing to grasp that wind 

causes waves, to being mystifi ed about how 

babies are created. Indeed, some researchers 

have characterized a child’s knowledge of the 

world as a bundle of misconceptions awaiting 

replacement with correct concepts through 

education ( 1).

Evidence is mounting, however, that 

young children are often quite adept at uncov-

ering statistical and causal patterns and that 

many foundations of scientifi c thought are 

built impressively early in our lives. This 

growing understanding of how children 

acquire many of the thinking skills used in 

science has implications not only for educa-

tion but also for understanding how all of us 

make scientifi c progress in the face of igno-

rance and incomplete knowledge.

For cognitive psychologists, scientists 

have long presented an intriguing puzzle. 

Whether a biologist or a geologist, scientists 

routinely, and with seeming ease, call upon 

a diverse set of cognitive skills to do their 

jobs. They detect correlations, often between 

seemingly unrelated phenomena. They infer 

causation from these correlations. If all goes 

well, they uncover the mechanisms that 

explain it all—and then share their knowl-

edge and build upon it by acquiring knowl-

edge from others.

Each of these abilities has early origins. 

Consider, for example, how children respond 

to the challenge of noticing correlations as 

they encounter them in the fl ow of experi-

ence. For instance, an infant learning lan-

guage, upon hearing streams of syllables, not 

only has to notice how often certain syllables 

occur but also needs to infer higher-order 

patterns arising from those syllables. One 

study ( 2) showed that 5-month-old infants 

can handle this challenge by rapidly tracking 

not only the sounds of the syllables but also 

visual patterns associated with each syllable. 

In the experiment, infants looking at a com-

puter screen were repeatedly presented with 

abstract patterns of syllables and shapes. An 

“ABB” pattern, for instance, could be repre-

sented by certain shapes corresponding to 

the syllables “di ga ga.” When presented with 

a new pattern (ABA) with new syllables—

such as “le ko le”—the infants looked longer 

at the shapes on the screen than if the new 

syllables were in the old ABB pattern. This 

suggests that they recognized it as a new, 

unfamiliar correlation.

Other research ( 3) has found that 

6-month-olds can take the next step and infer 

causation from certain kinds of correlations. 

In these experiments, researchers measured 

how long infants looked at animations show-

ing “collisions” of shapes. In some anima-

tions, one object “launched” a second one, 

causing it to move, as when two billiard balls 

collide. When shown animations in which 

the balls reversed roles, infants looked lon-

ger at the new pattern than at the original 

one. They did not react as strongly, however, 

when the original and reversed animations 

contained half-second gaps between the 

moment when the fi rst object stopped mov-

ing and the second one started to move. This 

suggests that the infants recognized these 

events as noncausal, or unrelated.

Later studies showed that infants make 

causal interpretations by integrating infor-

mation in ways that closely mirror adults. 

For instance, they will form causal interpre-

tations based on information that is collected 

in brief time windows after the occurrence of 

the critical event (such as a possible collision) 

( 4); these post-event decision-making win-

dows are similar to those measured in adults. 

Thus, it appears that certain sequences of 

events automatically elicit thoughts of causa-

tion at all ages.

Older infants expand on these inferences 

of causality to sense more abstract and sub-

tle causal relationships. In one recent study 

( 5), 11-month-olds were shown animations 

of two sets of blocks: one initially ordered 

into a neat array, the other scattered into dis-

order. Then, a screen obscured the blocks and 

either a lifelike “animate” agent appeared, 

such as an object with a face, or an “inani-

mate” agent, such as a ball. Finally, the screen 

was removed, revealing that either an orderly 

stack of blocks had become disordered or the 

opposite. By measuring how long the infants 

looked at various combinations, the research-

ers concluded that the infants learned that 

only the animate object could cause disor-

dered blocks to become orderly but that both 

the animate and inanimate agents could scat-

ter an orderly pile.

Once out of infancy, children become 

able to examine more complex networks 

of correlations to infer causal patterns, 

including hidden ones, and they readily do 

this using sample sizes too small for tradi-

tional statistical tests of signifi cance. They 

are particularly sensitive to the usefulness 

of “intervening on a system”—or manipu-

lating conditions—to separate causal links 

from those that are just correlational. For 

example, when confronted with a novel box 

consisting of gears and a switch, preschool 

children are easily able to fi gure out cause-

and-effect relations, and rule out mere cor-
Department of Psychology, Yale University, New Haven, CT 
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signals may be found in widely divergent 

protein localization pathways, not just during 

protein secretion.

Additional work will reveal whether 

mRNA signals represent a general pro-

tein localization strategy or if they remain 

exceptional examples. For example, a recent 

report revealed that several transcripts in E. 

coli and Caulobacter crescentus also local-

ize specifi cally, but that they remained very 

close to the chromosomal site where they 

were synthesized ( 9). In any case, the obser-

vations that mRNA molecules localize spe-

cifi cally within a bacterium predict the exis-

tence of pathways that mediate this localiza-

tion, and these components will need to be 

identifi ed. It appears that mRNA can con-

tribute not simply to encoding proteins, but 

to delivering them as well. 
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guage, upon hearing streams of syllables, not 

only has to notice how often certain syllables 

occur but also needs to infer higher-order 

patterns arising from those syllables. One 

study ( 2) showed that 5-month-old infants 

can handle this challenge by rapidly tracking 

not only the sounds of the syllables but also 

visual patterns associated with each syllable. 

In the experiment, infants looking at a com-

puter screen were repeatedly presented with 

abstract patterns of syllables and shapes. An 

“ABB” pattern, for instance, could be repre-

sented by certain shapes corresponding to 

the syllables “di ga ga.” When presented with 

a new pattern (ABA) with new syllables—

such as “le ko le”—the infants looked longer 

at the shapes on the screen than if the new 

syllables were in the old ABB pattern. This 

suggests that they recognized it as a new, 

unfamiliar correlation.

Other research ( 3) has found that 

6-month-olds can take the next step and infer 

causation from certain kinds of correlations. 

In these experiments, researchers measured 

how long infants looked at animations show-

ing “collisions” of shapes. In some anima-

tions, one object “launched” a second one, 

causing it to move, as when two billiard balls 

collide. When shown animations in which 

the balls reversed roles, infants looked lon-

ger at the new pattern than at the original 

one. They did not react as strongly, however, 

when the original and reversed animations 

contained half-second gaps between the 

moment when the fi rst object stopped mov-

ing and the second one started to move. This 

suggests that the infants recognized these 

events as noncausal, or unrelated.

Later studies showed that infants make 

causal interpretations by integrating infor-

mation in ways that closely mirror adults. 

For instance, they will form causal interpre-

tations based on information that is collected 

in brief time windows after the occurrence of 

the critical event (such as a possible collision) 

( 4); these post-event decision-making win-

dows are similar to those measured in adults. 

Thus, it appears that certain sequences of 

events automatically elicit thoughts of causa-

tion at all ages.

Older infants expand on these inferences 

of causality to sense more abstract and sub-

tle causal relationships. In one recent study 

( 5), 11-month-olds were shown animations 

of two sets of blocks: one initially ordered 

into a neat array, the other scattered into dis-

order. Then, a screen obscured the blocks and 

either a lifelike “animate” agent appeared, 

such as an object with a face, or an “inani-

mate” agent, such as a ball. Finally, the screen 

was removed, revealing that either an orderly 

stack of blocks had become disordered or the 

opposite. By measuring how long the infants 

looked at various combinations, the research-

ers concluded that the infants learned that 

only the animate object could cause disor-

dered blocks to become orderly but that both 

the animate and inanimate agents could scat-

ter an orderly pile.

Once out of infancy, children become 

able to examine more complex networks 

of correlations to infer causal patterns, 

including hidden ones, and they readily do 

this using sample sizes too small for tradi-

tional statistical tests of signifi cance. They 

are particularly sensitive to the usefulness 

of “intervening on a system”—or manipu-

lating conditions—to separate causal links 

from those that are just correlational. For 

example, when confronted with a novel box 

consisting of gears and a switch, preschool 

children are easily able to fi gure out cause-

and-effect relations, and rule out mere cor-
Department of Psychology, Yale University, New Haven, CT 
06520–8205, USA. E-mail: frank.keil@yale.edu
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relations, by manipulating key components 

and observing the consequences ( 6). Thus, 

they anticipate a key motivation of experi-

mental design, in which some variables are 

manipulated while others are held constant.

In addition to fi guring out the causal rela-

tions underlying novel devices, children are 

also sensitive to highly abstract causal pat-

terns associated with specifi c “domains” that 

correspond roughly to formal areas of sci-

ence, such as biology, physical mechanics, 

and psychology. For example, while being 

completely ignorant about the biological 

details, most preschoolers do know that food 

gets transformed after it enters the body and 

that the transformed version is critical for 

helping the body to grow and to move ( 7). 

Some of these “core knowledge” domains 

may have origins in infancy and then become 

combined into larger conceptual systems in 

childhood ( 8).

A child’s understanding of the world is 

not driven simply by assembling correla-

tions in a bottom-up manner. Instead, even 

very young children bring to most learning 

situations broad intuitions and expectations 

about plausible and implausible patterns. 

This kind of top-down analysis enables them 

to rule out or narrow an overwhelming range 

of possible correlations ( 9). For example, in 

thinking about biological phenomena such 

as disease or inheritance, children may make 

different inferences from patterns of covari-

ation than they do for physical phenomena 

such as collisions or rotating gears ( 10). 

Another top-down expectation that children 

bring to living things, but not to artifacts, is 

an “essentialist bias”: the idea that some-

thing you can’t see (e.g., “microstructural 

stuff ”) causes what you can see (“surface 

phenomena” such as feathers or fur) and is 

the essence of the thing being observed. This 

is a guiding principle in much of formal sci-

ence, even as it can also lead to false infer-

ences, such as that species are defi ned by 

fi xed essences ( 11).

Science education should build upon 

these early-emerging cognitive founda-

tions. Like the vast majority of adults, chil-

dren need instruction about detailed mecha-

nisms, but they also bring to the classroom 

a rich repertoire of skills that enable them 

to track patterns and infer causality in ways 

that constrain and support learning about 

specific mechanisms. Educational strate-

gies that leverage those skills, such as con-

necting mechanism information (e.g., natu-

ral selection) to a higher-level causal pat-

tern children already know (e.g., adapta-

tion), will have a huge head start over those 

that do not ( 12).

The study of formal science is also 

informed by studies of children. Recent 

research reveals how all of us are able to 

accumulate knowledge with only partial 

understanding of mechanisms outside our 

own narrow areas of expertise ( 13). Scientists 

use their senses of more abstract causal and 

correlational patterns to navigate and rely on 

the divisions of cognitive labor that are essen-

tial to scientifi c progress. Thus, all scientists 

must outsource some understanding to other 

experts by grasping the coarse causal and 

correlational patterns associated with distinct 

areas of expertise. We are only beginning to 

understand how they fi nd the right depth of 

analysis in their own areas for optimal prog-

ress and then link that work to research done 

by others ( 14).

Future studies must explore how chil-

dren, and adults, can build upon these foun-

dations. How, for instance, can we prevent 

the essentialist biases and other narrowing 

strategies that children use to understand 

the world from lingering into adulthood 

and impairing scientific reasoning ( 15)? 

Imbuing organisms with fi xed essences, for 

example, can impair understanding of natu-

ral selection ( 16), and a child’s assumption 

that order is created by intentional agents ( 5) 

can ultimately impair recognition of other 

order-creating forces such as those at work 

in evolution. Finally, we need to examine 

the relationship between implicitly tracking 

patterns and explicitly characterizing their 

natures. Taken together, these future studies 

will continue to transform how we all think 

about the scientifi c skills of children. Rather 

than bumbling babies, they are individuals 

who—right from the start—are deeply inter-

ested in and can learn surprisingly fast about 

the patterns of nature. 
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GENOME-SEQUENCING ANNIVERSARY

A Celebration of the Genome, Part IVIV

The Accelerator
Eric S. Lander

President, Broad Institute of Harvard and MIT, Cambridge, MA, USA, 
and Cochair, President’s Council of Advisors on Science and Technology
When the Human Genome Project (HGP) was proposed some 25 years ago, 
the notion was so foreign to biology that commentators had to resort to 
metaphors from physics. The HGP was biology’s Manhattan Project, biology’s 
Moon Shot, biology’s Superconducting Supercollider particle accelerator. 

To some, the project seemed like mindless drudgework aimed at a dubi-
ous goal. (Sydney Brenner waggishly suggested that the HGP be conducted 
in penal institutions, by “inmates sentenced to 20 megabases—with time 
off for accuracy.”) In reality, of course, it was the human genetics research 
of that early era that was marked by tedium (10 years to clone the gene for 
Huntington’s disease!). What smart young student would want to be an ant 
in an army scaling a linkage peak?

Ultimately, the HGP yielded discoveries as remarkable as any atom-
smasher or deep-space telescope. It revealed that the spectrum of protein-
coding genes is far smaller than imagined, that physiology depends on a 
vast universe of regulatory controls and noncoding RNAs, that diseases 
arise from many unsuspected genes and pathways, that so-called junk DNA 
may be the mother of much invention. 

In the end, though, the HGP might indeed best be viewed as a “high-
energy accelerator”—not of particles, but of scientifi c work and scientifi c 
imagination. Individual investigators, the drivers of biomedical progress, 
can today carry out projects that once required legions: They can readily 
assay thousands of genes, 
millions of genetic mark-
ers, billions of nucleotides; 
they can interpret their fi nd-
ings in the context of public 
data sets representing tens 
of thousands of experiments 
worldwide and billions of 
years of evolutionary infor-
mation. These capabili-
ties have liberated them to 
think creatively and boldly 
about important biomedi-
cal challenges. Once seen 
as “big science,” the HGP 
has proved to be the most 
powerful enabler of “small 
science.”

Robert  F.  Kennedy 
famously said, “Some men 
see things as they are and 
say ‘Why?’ I dream things 

that never were and say ‘Why not?’” Increasingly, young biomedical scien-
tists are bringing this same attitude to their work. They are impatient with 
technological limits that stand in the way of knowledge. They transcend 
disciplinary boundaries, fusing experimental, computational, and clinical 
science into a new biology. They roll up their sleeves to create vast data 
sets, comprehensive reagent collections, and powerful new methods—and 
they share them freely. They are not afraid to work in teams, if by working 
together they can change the world. 

In the past week, I have attended three scientifi c meetings, where I 
heard young scientists brimming with vision about predicting all the ways 
in which tumors can become resistant to a therapy, unraveling the molecu-
lar basis of psychiatric diseases, characterizing the entire human immune 
response to stimuli, mapping the complete genomic landscape of all tran-
scription factors through development, creating a comprehensive catalog 
of all cellular circuitry, and devising general methods to speed the devel-
opment of new therapeutics.   

If I had been asked to pick out a present to celebrate the 10th anniver-
sary of the HGP, I could not have chosen better.

Making Sense of the Data
Peter Donnelly

Director of the Wellcome Trust Centre for Human Genetics, 
University of Oxford, Oxford, UK
There is an old aphorism that you wait forever for a London bus, and 

then two come along together. After the huge international efforts 
to sequence the human genome, the past 10 years have seen an 
explosion of data documenting human genetic variation, and we 
are at the tipping point for what will be an avalanche of high-quality 
human genomes. Within a few years, tens of thousands of human 
genomes will have been sequenced.

A major strand in research since the human genome sequence 
has been the systematic attempt to identify, annotate, and under-
stand the functional elements in the genome. For much of this time, 
the collection and analysis of human variation data might have 
seemed to be running in parallel to the functional work, with no 
direct connection. But that is illusory: Data on human genetic diver-
sity have proved to be a valuable tool in the quest to understand 
human biology. One example is recombination. We have learned 
a great deal recently about this fundamental biological process 
through the study of humans and, in particular, of human varia-
tion. Another is population genetics—as others have noted, human 
variation data offer an unparalleled opportunity to understand the 
forces shaping patterns of genetic diversity and to identify genomic 
elements under selection. But perhaps most signifi cantly, the iden-
tifi cation of DNA sequence variation associated with phenotypes of 
interest, particularly with human disease, provides the starting point 

I
n this last of  this series of genome anniversary vignettes, you will con-

tinue to fi nd provocative thoughts—ranging from the impacts of this 

“big science” project on the rest of the research community to the com-

monalities between art and science. Exciting as all of the vignettes have 

been, our space was fi nite, and we know that there are many more opinions 

waiting to be expressed.  We challenge you to refl ect on the implications of 

this landmark event and  look forward to your letters and e-letters!
–Barbara R. Jasny and Laura M. Zahn

Published by AAAS

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


25 FEBRUARY 2011    VOL 331    SCIENCE    www.sciencemag.org 1024

ESSAY

C
R

E
D

IT
S

: 
(L

E
F

T
) 
T

R
A

C
Y

 D
R

E
W

/W
W

W
.T

K
D

R
E

W
.C

O
M

/A
A

A
S

; 
(R

IG
H

T
) 
C

. 
B

IC
K

E
L
/S

C
IE

N
C

E

GENOME-SEQUENCING ANNIVERSARY

A Celebration of the Genome, Part IVIV

The Accelerator
Eric S. Lander

President, Broad Institute of Harvard and MIT, Cambridge, MA, USA, 
and Cochair, President’s Council of Advisors on Science and Technology
When the Human Genome Project (HGP) was proposed some 25 years ago, 
the notion was so foreign to biology that commentators had to resort to 
metaphors from physics. The HGP was biology’s Manhattan Project, biology’s 
Moon Shot, biology’s Superconducting Supercollider particle accelerator. 
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are at the tipping point for what will be an avalanche of high-quality 
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A major strand in research since the human genome sequence 
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stand the functional elements in the genome. For much of this time, 
the collection and analysis of human variation data might have 
seemed to be running in parallel to the functional work, with no 
direct connection. But that is illusory: Data on human genetic diver-
sity have proved to be a valuable tool in the quest to understand 
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a great deal recently about this fundamental biological process 
through the study of humans and, in particular, of human varia-
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on another route to understanding biological function. The growing num-
ber of examples where the path from sequence variant to function has 
been elucidated offers an encouraging pointer to coming progress.

Although the collection of whole-genome data from large numbers of 
individuals in disease studies is set to become routine, making sense of 
that data is not yet straightforward. There are formidable analytical chal-
lenges ahead, even in the research context. Moving this kind of informa-
tion into the clinic takes the challenge to another level. Like others, I am an 
enthusiast for personalized medicine, but one of the biggest obstacles to 
the use of individual genomic information in health care will be the need 
for robust analytical tools for its interpretation.

Fruits of Genome Sequences for Biology
David Botstein

Director, Lewis-Sigler Institute for Integrative Genomics, 

Princeton University, Princeton, NJ, USA

When I first became interested in genetics in 
the early 1960s, DNA had just taken cen-
ter stage. We studied its chemical and 
physical properties, and we under-
stood that inferences about genes 
and genomes (yes, this word was 
used then) were actually about 
information encoded in DNA 
sequences, which we could 
not read or interpret. By the 
1970s, we had learned how to 
use recombinant DNA technol-
ogy to manipulate DNA in bac-
teria and viruses, which allowed 
us to recover (clone) sequences 
encoding proteins from any organ-
ism (including humans). The next step 
became obvious (and controversial) even 
before it had been reduced to reality: expressing these coding sequences 
in easily cultivated cells and producing pure recombinant proteins in 
quantity at reasonable cost. This enabled production of previously rare 
protein therapeutics and allowed biologists, biochemists, and structural 
biologists to study pure proteins.

One would have thought, after these developments, that when the pos-
sibility of sequencing entire genomes was fi rst raised, it would be regarded 
as an obvious next step with great promise for science and medicine. Instead, 
it was met with much skepticism; in the beginning, I was among the skep-
tics. Unlike the controversy over recombinant DNA, which revolved around 
issues of safety, opposition to sequencing the human genome was driven 
by concerns about the extreme cost (estimated then at $3 billion) and effort 
required. The opposition (including me) felt that diversion of these kinds of 
resources to “big science” might so distort the nature of our scientifi c com-
munity that the cost would outweigh the benefi t. There was no consensus 
then around the benefi ts of the genomic sequences, for science or for society.

In 1988, a National Research Council study (on which I served), pro-
posed a compromise whereby much smaller, and therefore cheaper, 
genomes of genetic model organisms would be sequenced fi rst. The criti-
cal argument for me, and indeed for much of the scientifi c community, was 
that the sequences of the model organisms could be interpreted through 
experimental work, yet the homology among similar proteins in diverse 
organisms would allow us to transfer much of the biological interpretation 
to the human genome. Genomic sequences of many organisms, not just 
the human, would allow us to read and ultimately interpret the information 
in DNA in all of them. So it turned out. The benefi ts for science have been 
nothing short of revolutionary.

•  We no longer need to theorize or speculate about evolution. In the 
genome sequences, we have data that fully and quantitatively docu-
ment the evolution, from common ancestry, of all life on Earth.

•  Insights about the functions of human genes and proteins continue 
to come fast, most often from studies of their homologs in model 
organisms. We now can study all the genes of an organism simulta-
neously via methods that were mostly invented to get the sequencing 
done in the fi rst place.

•  The cost of sequencing has fallen dramatically. It is now literally easier 
and cheaper to sequence the genome of a bacterial or yeast mutant 
than it is to isolate the gene and sequence only the relevant bits.

•  As sequencing costs have fallen, it has become practical to follow 
sequence heterogeneity in populations, which may allow us to under-
stand the inheritance of complex phenotypes and the basis of com-
plex human diseases. Such studies have transformed our understand-
ing of the origins and history of the human species.

The fears of big science around sequence technology have largely dis-
sipated. Today, individual investigators outsource routine sequencing to 
a thriving service industry at an astonishingly modest cost. Data-release 
practices introduced during the human genome sequence project facili-
tate reuse of existing data in place of pointless and expensive repetition. 

This has spread to the functional genomics community and beyond. As 
with all technology development, some issues remain, such as the 

cost of computational and sequencing infrastructure, which is still 
beyond the means of individual small laboratories. These can be 
dealt with well short of big science by modest increases in fund-
ing for shared facilities.

When I began my career, I never imagined that someday I 
could simply look up a gene’s coding sequence; fi nd its orthologs 

in other organisms; and order, from a service organization, a muta-
tion to my specifi cation for an experiment to reveal gene function. Yet 

this is now our world, the direct result of a collective agreement to make 
genomic sequencing a priority in the last decades of the 20th century. It 
was a very good decision.

Presenting the Human Genome: 
Now in 3D!
Yijun Ruan 

Senior Group Leader and Associate Director, Genome Institute 

of Singapore, Singapore, Republic of Singapore

The completion of the human genome sequence in 2001 was, to me, the 
most important accomplishment in biology. Since then, we have jour-
neyed to the next frontier through signifi cant improvements in our abil-
ity to analyze and map gene expression and transcription factor–bind-
ing sites in the human genome. We now understand that the genome 
is far more complex than linear informa-
tion could explain. Therefore, to fully 
appreciate the rules by which the 
genome operates on an organ-
ismal level, we have to com-
prehend higher-order chro-
mosomal organization. To 
reach that pinnacle, we need 
fi rst to understand how the 
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on another route to understanding biological function. The growing num-
ber of examples where the path from sequence variant to function has 
been elucidated offers an encouraging pointer to coming progress.

Although the collection of whole-genome data from large numbers of 
individuals in disease studies is set to become routine, making sense of 
that data is not yet straightforward. There are formidable analytical chal-
lenges ahead, even in the research context. Moving this kind of informa-
tion into the clinic takes the challenge to another level. Like others, I am an 
enthusiast for personalized medicine, but one of the biggest obstacles to 
the use of individual genomic information in health care will be the need 
for robust analytical tools for its interpretation.

Fruits of Genome Sequences for Biology
David Botstein

Director, Lewis-Sigler Institute for Integrative Genomics, 

Princeton University, Princeton, NJ, USA

When I first became interested in genetics in 
the early 1960s, DNA had just taken cen-
ter stage. We studied its chemical and 
physical properties, and we under-
stood that inferences about genes 
and genomes (yes, this word was 
used then) were actually about 
information encoded in DNA 
sequences, which we could 
not read or interpret. By the 
1970s, we had learned how to 
use recombinant DNA technol-
ogy to manipulate DNA in bac-
teria and viruses, which allowed 
us to recover (clone) sequences 
encoding proteins from any organ-
ism (including humans). The next step 
became obvious (and controversial) even 
before it had been reduced to reality: expressing these coding sequences 
in easily cultivated cells and producing pure recombinant proteins in 
quantity at reasonable cost. This enabled production of previously rare 
protein therapeutics and allowed biologists, biochemists, and structural 
biologists to study pure proteins.

One would have thought, after these developments, that when the pos-
sibility of sequencing entire genomes was fi rst raised, it would be regarded 
as an obvious next step with great promise for science and medicine. Instead, 
it was met with much skepticism; in the beginning, I was among the skep-
tics. Unlike the controversy over recombinant DNA, which revolved around 
issues of safety, opposition to sequencing the human genome was driven 
by concerns about the extreme cost (estimated then at $3 billion) and effort 
required. The opposition (including me) felt that diversion of these kinds of 
resources to “big science” might so distort the nature of our scientifi c com-
munity that the cost would outweigh the benefi t. There was no consensus 
then around the benefi ts of the genomic sequences, for science or for society.

In 1988, a National Research Council study (on which I served), pro-
posed a compromise whereby much smaller, and therefore cheaper, 
genomes of genetic model organisms would be sequenced fi rst. The criti-
cal argument for me, and indeed for much of the scientifi c community, was 
that the sequences of the model organisms could be interpreted through 
experimental work, yet the homology among similar proteins in diverse 
organisms would allow us to transfer much of the biological interpretation 
to the human genome. Genomic sequences of many organisms, not just 
the human, would allow us to read and ultimately interpret the information 
in DNA in all of them. So it turned out. The benefi ts for science have been 
nothing short of revolutionary.

•  We no longer need to theorize or speculate about evolution. In the 
genome sequences, we have data that fully and quantitatively docu-
ment the evolution, from common ancestry, of all life on Earth.

•  Insights about the functions of human genes and proteins continue 
to come fast, most often from studies of their homologs in model 
organisms. We now can study all the genes of an organism simulta-
neously via methods that were mostly invented to get the sequencing 
done in the fi rst place.

•  The cost of sequencing has fallen dramatically. It is now literally easier 
and cheaper to sequence the genome of a bacterial or yeast mutant 
than it is to isolate the gene and sequence only the relevant bits.

•  As sequencing costs have fallen, it has become practical to follow 
sequence heterogeneity in populations, which may allow us to under-
stand the inheritance of complex phenotypes and the basis of com-
plex human diseases. Such studies have transformed our understand-
ing of the origins and history of the human species.

The fears of big science around sequence technology have largely dis-
sipated. Today, individual investigators outsource routine sequencing to 
a thriving service industry at an astonishingly modest cost. Data-release 
practices introduced during the human genome sequence project facili-
tate reuse of existing data in place of pointless and expensive repetition. 

This has spread to the functional genomics community and beyond. As 
with all technology development, some issues remain, such as the 

cost of computational and sequencing infrastructure, which is still 
beyond the means of individual small laboratories. These can be 
dealt with well short of big science by modest increases in fund-
ing for shared facilities.

When I began my career, I never imagined that someday I 
could simply look up a gene’s coding sequence; fi nd its orthologs 

in other organisms; and order, from a service organization, a muta-
tion to my specifi cation for an experiment to reveal gene function. Yet 

this is now our world, the direct result of a collective agreement to make 
genomic sequencing a priority in the last decades of the 20th century. It 
was a very good decision.

Presenting the Human Genome: 
Now in 3D!
Yijun Ruan 

Senior Group Leader and Associate Director, Genome Institute 

of Singapore, Singapore, Republic of Singapore

The completion of the human genome sequence in 2001 was, to me, the 
most important accomplishment in biology. Since then, we have jour-
neyed to the next frontier through signifi cant improvements in our abil-
ity to analyze and map gene expression and transcription factor–bind-
ing sites in the human genome. We now understand that the genome 
is far more complex than linear informa-
tion could explain. Therefore, to fully 
appreciate the rules by which the 
genome operates on an organ-
ismal level, we have to com-
prehend higher-order chro-
mosomal organization. To 
reach that pinnacle, we need 
fi rst to understand how the 
genome is spatially orga-
nized and how that organi-
zation affects basic nuclear 
and cellular processes.  We 
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on another route to understanding biological function. The growing num-
ber of examples where the path from sequence variant to function has 
been elucidated offers an encouraging pointer to coming progress.

Although the collection of whole-genome data from large numbers of 
individuals in disease studies is set to become routine, making sense of 
that data is not yet straightforward. There are formidable analytical chal-
lenges ahead, even in the research context. Moving this kind of informa-
tion into the clinic takes the challenge to another level. Like others, I am an 
enthusiast for personalized medicine, but one of the biggest obstacles to 
the use of individual genomic information in health care will be the need 
for robust analytical tools for its interpretation.

Fruits of Genome Sequences for Biology
David Botstein

Director, Lewis-Sigler Institute for Integrative Genomics, 

Princeton University, Princeton, NJ, USA

When I first became interested in genetics in 
the early 1960s, DNA had just taken cen-
ter stage. We studied its chemical and 
physical properties, and we under-
stood that inferences about genes 
and genomes (yes, this word was 
used then) were actually about 
information encoded in DNA 
sequences, which we could 
not read or interpret. By the 
1970s, we had learned how to 
use recombinant DNA technol-
ogy to manipulate DNA in bac-
teria and viruses, which allowed 
us to recover (clone) sequences 
encoding proteins from any organ-
ism (including humans). The next step 
became obvious (and controversial) even 
before it had been reduced to reality: expressing these coding sequences 
in easily cultivated cells and producing pure recombinant proteins in 
quantity at reasonable cost. This enabled production of previously rare 
protein therapeutics and allowed biologists, biochemists, and structural 
biologists to study pure proteins.

One would have thought, after these developments, that when the pos-
sibility of sequencing entire genomes was fi rst raised, it would be regarded 
as an obvious next step with great promise for science and medicine. Instead, 
it was met with much skepticism; in the beginning, I was among the skep-
tics. Unlike the controversy over recombinant DNA, which revolved around 
issues of safety, opposition to sequencing the human genome was driven 
by concerns about the extreme cost (estimated then at $3 billion) and effort 
required. The opposition (including me) felt that diversion of these kinds of 
resources to “big science” might so distort the nature of our scientifi c com-
munity that the cost would outweigh the benefi t. There was no consensus 
then around the benefi ts of the genomic sequences, for science or for society.

In 1988, a National Research Council study (on which I served), pro-
posed a compromise whereby much smaller, and therefore cheaper, 
genomes of genetic model organisms would be sequenced fi rst. The criti-
cal argument for me, and indeed for much of the scientifi c community, was 
that the sequences of the model organisms could be interpreted through 
experimental work, yet the homology among similar proteins in diverse 
organisms would allow us to transfer much of the biological interpretation 
to the human genome. Genomic sequences of many organisms, not just 
the human, would allow us to read and ultimately interpret the information 
in DNA in all of them. So it turned out. The benefi ts for science have been 
nothing short of revolutionary.

•  We no longer need to theorize or speculate about evolution. In the 
genome sequences, we have data that fully and quantitatively docu-
ment the evolution, from common ancestry, of all life on Earth.

•  Insights about the functions of human genes and proteins continue 
to come fast, most often from studies of their homologs in model 
organisms. We now can study all the genes of an organism simulta-
neously via methods that were mostly invented to get the sequencing 
done in the fi rst place.

•  The cost of sequencing has fallen dramatically. It is now literally easier 
and cheaper to sequence the genome of a bacterial or yeast mutant 
than it is to isolate the gene and sequence only the relevant bits.

•  As sequencing costs have fallen, it has become practical to follow 
sequence heterogeneity in populations, which may allow us to under-
stand the inheritance of complex phenotypes and the basis of com-
plex human diseases. Such studies have transformed our understand-
ing of the origins and history of the human species.

The fears of big science around sequence technology have largely dis-
sipated. Today, individual investigators outsource routine sequencing to 
a thriving service industry at an astonishingly modest cost. Data-release 
practices introduced during the human genome sequence project facili-
tate reuse of existing data in place of pointless and expensive repetition. 

This has spread to the functional genomics community and beyond. As 
with all technology development, some issues remain, such as the 

cost of computational and sequencing infrastructure, which is still 
beyond the means of individual small laboratories. These can be 
dealt with well short of big science by modest increases in fund-
ing for shared facilities.

When I began my career, I never imagined that someday I 
could simply look up a gene’s coding sequence; fi nd its orthologs 

in other organisms; and order, from a service organization, a muta-
tion to my specifi cation for an experiment to reveal gene function. Yet 

this is now our world, the direct result of a collective agreement to make 
genomic sequencing a priority in the last decades of the 20th century. It 
was a very good decision.

Presenting the Human Genome: 
Now in 3D!
Yijun Ruan 

Senior Group Leader and Associate Director, Genome Institute 

of Singapore, Singapore, Republic of Singapore

The completion of the human genome sequence in 2001 was, to me, the 
most important accomplishment in biology. Since then, we have jour-
neyed to the next frontier through signifi cant improvements in our abil-
ity to analyze and map gene expression and transcription factor–bind-
ing sites in the human genome. We now understand that the genome 
is far more complex than linear informa-
tion could explain. Therefore, to fully 
appreciate the rules by which the 
genome operates on an organ-
ismal level, we have to com-
prehend higher-order chro-
mosomal organization. To 
reach that pinnacle, we need 
fi rst to understand how the 
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genomic states affect the topological organization of chromosomes. Excit-
ing progress has been made recently in mapping the three-dimensional 
(3D) chromatin architecture. Growing evidence suggests that long-range 
chromatin interactions are crucial for transcriptional regulation and 
genome rearrangement, for example, in cancer cells. Ten years ago, the 
linear composition of the genome was spelled out; I anticipate that in the 
next 5 to 10 years, we will be able to reveal the 3D topographic map of 
the human genome within cells, which will help us uncover new insights 
into development, as well as into the basis for disease.

The Meaning of the Human Genome 
Project for Neuropsychiatric Disorders
Steven E. Hyman

Provost, Harvard University and Professor of Neurobiology, 
Harvard Medical School Boston, MA, USA
The past 3 years have witnessed a series of replicable, credible, and 
increasingly useful genetic discoveries in autism, schizophrenia, and 
bipolar disorder. I cannot emphasize enough the signifi cance of this 
progress. Neuropsychiatric disorders are outsized contributors to global 
disease burden, yet treatment development has reached a near stand-
still. The problem is that the brain, with its myriad cell types and com-
plex circuitry, represents such a diffi cult scientifi c frontier. Because genes 
play powerful roles in neuropsychiatric disorders, identifi cation of causal 
variation could provide invaluable clues to their pathogenesis. Sadly, the 
genetic architecture of neuropsychiatric disorders is fi endishly complex, 
but unlike other areas of medicine wrestling with genetic complexity, psy-
chiatry lacks objective phenotypic markers.

When I became director of the National Institute of Mental Health 
(NIMH), NIH, in 1996, I did not foresee quite how complex the genetics 
would prove, but did recognize that the contemporary technologies were 
overmatched. (I ruefully joked that I had the only institute with no low-
hanging Mendelian fruit to pluck.) With expert advice, I decided that the 
only rational approach was to amass large collections of patient DNAs 
with extensive phenotype information. Some investigators resisted shar-
ing of samples, but for most, that day has long passed. I am pleased that 
these NIMH collections have proven useful, albeit as only a small fraction 
of the needed sample sizes.

It was not, of course, the fi rst human sequence per se that turned the 
tide for neuropsychiatric disorders. As for much of medicine, the associ-
ated technologies and analytic approaches (above all, the availability of 

ever cheaper and more accurate DNA sequencing) are proving decisive. 
These advances have given investigators, clinicians, and patients hope that 
genetics will fi nally yield tools that neurobiologists have dreamt of to study 
the brain in health and in illness.

A Healthy Son
Mary-Claire King

Professor of Genome Sciences and of Medicine (Medical Genetics) 
University of Washington, Seattle, WA, USA
Gutenberg must have felt like this: the sense of endless possibilities, of 
infi nite applications exploiting the new technology, of the world having 
changed forever. It seems audacious, but is, I think, correct, to compare his 
time to ours. I offer a single case study to explain.

K is the youngest of eight siblings. Three of her fi ve brothers were 
severely developmentally delayed, with cognitive impairment and intrac-
table behavioral disorders. No one else in their large extended family 
was affected. The most likely explanation for her brothers’ condition was 
X-linked inheritance following 
a new mutation in their mother. 
Fragile X was excluded, and the 
critical gene had eluded detec-
tion. The region of the X-chromo-
some shared by the three affected 
brothers was 40 megabases, too 
long to enable prenatal diagnosis.

K despaired of having a healthy 
son. Then early last spring, tar-
geted X-exome sequencing of con-
stitutional DNA from the affected 
brothers revealed a nonsense 
mutation in a gene known to be 
implicated in mental retardation. 
The mutation had not been detect-
able by conventional technologies 
but was transparent to massively 
parallel sequencing. K carried the 
mutant allele. Armed with knowl-
edge of the mutation, K and her husband undertook pregestational diag-
nosis (PGD), which involves in vitro fertilization of their egg and sperm, 
then genotyping of embryos via the polar bodies, and implanting a normal 
embryo in the mother’s uterus. In experienced hands, PGD works very well. 
K and her husband have a healthy newborn son.

Genetics is a way of thinking. Genomics is a set of tools. If we think rig-
orously about genetics and use these tools well, the resolution of inherited 
disorders on behalf of our patients will be bounded only by our imagina-
tions. One healthy infant at a time is not a bad way to begin.

Socializing Genetic Diseases
Vololona Rabeharisoa

Professor of Sociology, Centre de sociologie de l’innovation, 
MINES ParisTech, Paris, France
The sequencing of the human genome has been a major scientifi c adven-
ture of the late 20th and early 21st centuries. It has played a decisive role 
in the development of biomedicine and has led to numerous partner-
ships between researchers, clinicians, and the pharmaceutical and bio-
tech industries.

Patient organizations have also been involved in these partnerships 
from the very beginning. In France, for instance, the French muscular 
dystrophy organization, the AFM (Association Française Contre les Myo-
pathies), is a classic example. To step up the struggle against neuromus-
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genomic states affect the topological organization of chromosomes. Excit-
ing progress has been made recently in mapping the three-dimensional 
(3D) chromatin architecture. Growing evidence suggests that long-range 
chromatin interactions are crucial for transcriptional regulation and 
genome rearrangement, for example, in cancer cells. Ten years ago, the 
linear composition of the genome was spelled out; I anticipate that in the 
next 5 to 10 years, we will be able to reveal the 3D topographic map of 
the human genome within cells, which will help us uncover new insights 
into development, as well as into the basis for disease.

The Meaning of the Human Genome 
Project for Neuropsychiatric Disorders
Steven E. Hyman

Provost, Harvard University and Professor of Neurobiology, 
Harvard Medical School Boston, MA, USA
The past 3 years have witnessed a series of replicable, credible, and 
increasingly useful genetic discoveries in autism, schizophrenia, and 
bipolar disorder. I cannot emphasize enough the signifi cance of this 
progress. Neuropsychiatric disorders are outsized contributors to global 
disease burden, yet treatment development has reached a near stand-
still. The problem is that the brain, with its myriad cell types and com-
plex circuitry, represents such a diffi cult scientifi c frontier. Because genes 
play powerful roles in neuropsychiatric disorders, identifi cation of causal 
variation could provide invaluable clues to their pathogenesis. Sadly, the 
genetic architecture of neuropsychiatric disorders is fi endishly complex, 
but unlike other areas of medicine wrestling with genetic complexity, psy-
chiatry lacks objective phenotypic markers.

When I became director of the National Institute of Mental Health 
(NIMH), NIH, in 1996, I did not foresee quite how complex the genetics 
would prove, but did recognize that the contemporary technologies were 
overmatched. (I ruefully joked that I had the only institute with no low-
hanging Mendelian fruit to pluck.) With expert advice, I decided that the 
only rational approach was to amass large collections of patient DNAs 
with extensive phenotype information. Some investigators resisted shar-
ing of samples, but for most, that day has long passed. I am pleased that 
these NIMH collections have proven useful, albeit as only a small fraction 
of the needed sample sizes.

It was not, of course, the fi rst human sequence per se that turned the 
tide for neuropsychiatric disorders. As for much of medicine, the associ-
ated technologies and analytic approaches (above all, the availability of 

ever cheaper and more accurate DNA sequencing) are proving decisive. 
These advances have given investigators, clinicians, and patients hope that 
genetics will fi nally yield tools that neurobiologists have dreamt of to study 
the brain in health and in illness.

A Healthy Son
Mary-Claire King

Professor of Genome Sciences and of Medicine (Medical Genetics) 
University of Washington, Seattle, WA, USA
Gutenberg must have felt like this: the sense of endless possibilities, of 
infi nite applications exploiting the new technology, of the world having 
changed forever. It seems audacious, but is, I think, correct, to compare his 
time to ours. I offer a single case study to explain.

K is the youngest of eight siblings. Three of her fi ve brothers were 
severely developmentally delayed, with cognitive impairment and intrac-
table behavioral disorders. No one else in their large extended family 
was affected. The most likely explanation for her brothers’ condition was 
X-linked inheritance following 
a new mutation in their mother. 
Fragile X was excluded, and the 
critical gene had eluded detec-
tion. The region of the X-chromo-
some shared by the three affected 
brothers was 40 megabases, too 
long to enable prenatal diagnosis.

K despaired of having a healthy 
son. Then early last spring, tar-
geted X-exome sequencing of con-
stitutional DNA from the affected 
brothers revealed a nonsense 
mutation in a gene known to be 
implicated in mental retardation. 
The mutation had not been detect-
able by conventional technologies 
but was transparent to massively 
parallel sequencing. K carried the 
mutant allele. Armed with knowl-
edge of the mutation, K and her husband undertook pregestational diag-
nosis (PGD), which involves in vitro fertilization of their egg and sperm, 
then genotyping of embryos via the polar bodies, and implanting a normal 
embryo in the mother’s uterus. In experienced hands, PGD works very well. 
K and her husband have a healthy newborn son.

Genetics is a way of thinking. Genomics is a set of tools. If we think rig-
orously about genetics and use these tools well, the resolution of inherited 
disorders on behalf of our patients will be bounded only by our imagina-
tions. One healthy infant at a time is not a bad way to begin.

Socializing Genetic Diseases
Vololona Rabeharisoa

Professor of Sociology, Centre de sociologie de l’innovation, 
MINES ParisTech, Paris, France
The sequencing of the human genome has been a major scientifi c adven-
ture of the late 20th and early 21st centuries. It has played a decisive role 
in the development of biomedicine and has led to numerous partner-
ships between researchers, clinicians, and the pharmaceutical and bio-
tech industries.

Patient organizations have also been involved in these partnerships 
from the very beginning. In France, for instance, the French muscular 
dystrophy organization, the AFM (Association Française Contre les Myo-
pathies), is a classic example. To step up the struggle against neuromus-
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genomic states affect the topological organization of chromosomes. Excit-
ing progress has been made recently in mapping the three-dimensional 
(3D) chromatin architecture. Growing evidence suggests that long-range 
chromatin interactions are crucial for transcriptional regulation and 
genome rearrangement, for example, in cancer cells. Ten years ago, the 
linear composition of the genome was spelled out; I anticipate that in the 
next 5 to 10 years, we will be able to reveal the 3D topographic map of 
the human genome within cells, which will help us uncover new insights 
into development, as well as into the basis for disease.

The Meaning of the Human Genome 
Project for Neuropsychiatric Disorders
Steven E. Hyman

Provost, Harvard University and Professor of Neurobiology, 
Harvard Medical School Boston, MA, USA
The past 3 years have witnessed a series of replicable, credible, and 
increasingly useful genetic discoveries in autism, schizophrenia, and 
bipolar disorder. I cannot emphasize enough the signifi cance of this 
progress. Neuropsychiatric disorders are outsized contributors to global 
disease burden, yet treatment development has reached a near stand-
still. The problem is that the brain, with its myriad cell types and com-
plex circuitry, represents such a diffi cult scientifi c frontier. Because genes 
play powerful roles in neuropsychiatric disorders, identifi cation of causal 
variation could provide invaluable clues to their pathogenesis. Sadly, the 
genetic architecture of neuropsychiatric disorders is fi endishly complex, 
but unlike other areas of medicine wrestling with genetic complexity, psy-
chiatry lacks objective phenotypic markers.

When I became director of the National Institute of Mental Health 
(NIMH), NIH, in 1996, I did not foresee quite how complex the genetics 
would prove, but did recognize that the contemporary technologies were 
overmatched. (I ruefully joked that I had the only institute with no low-
hanging Mendelian fruit to pluck.) With expert advice, I decided that the 
only rational approach was to amass large collections of patient DNAs 
with extensive phenotype information. Some investigators resisted shar-
ing of samples, but for most, that day has long passed. I am pleased that 
these NIMH collections have proven useful, albeit as only a small fraction 
of the needed sample sizes.

It was not, of course, the fi rst human sequence per se that turned the 
tide for neuropsychiatric disorders. As for much of medicine, the associ-
ated technologies and analytic approaches (above all, the availability of 

ever cheaper and more accurate DNA sequencing) are proving decisive. 
These advances have given investigators, clinicians, and patients hope that 
genetics will fi nally yield tools that neurobiologists have dreamt of to study 
the brain in health and in illness.

A Healthy Son
Mary-Claire King

Professor of Genome Sciences and of Medicine (Medical Genetics) 
University of Washington, Seattle, WA, USA
Gutenberg must have felt like this: the sense of endless possibilities, of 
infi nite applications exploiting the new technology, of the world having 
changed forever. It seems audacious, but is, I think, correct, to compare his 
time to ours. I offer a single case study to explain.

K is the youngest of eight siblings. Three of her fi ve brothers were 
severely developmentally delayed, with cognitive impairment and intrac-
table behavioral disorders. No one else in their large extended family 
was affected. The most likely explanation for her brothers’ condition was 
X-linked inheritance following 
a new mutation in their mother. 
Fragile X was excluded, and the 
critical gene had eluded detec-
tion. The region of the X-chromo-
some shared by the three affected 
brothers was 40 megabases, too 
long to enable prenatal diagnosis.

K despaired of having a healthy 
son. Then early last spring, tar-
geted X-exome sequencing of con-
stitutional DNA from the affected 
brothers revealed a nonsense 
mutation in a gene known to be 
implicated in mental retardation. 
The mutation had not been detect-
able by conventional technologies 
but was transparent to massively 
parallel sequencing. K carried the 
mutant allele. Armed with knowl-
edge of the mutation, K and her husband undertook pregestational diag-
nosis (PGD), which involves in vitro fertilization of their egg and sperm, 
then genotyping of embryos via the polar bodies, and implanting a normal 
embryo in the mother’s uterus. In experienced hands, PGD works very well. 
K and her husband have a healthy newborn son.

Genetics is a way of thinking. Genomics is a set of tools. If we think rig-
orously about genetics and use these tools well, the resolution of inherited 
disorders on behalf of our patients will be bounded only by our imagina-
tions. One healthy infant at a time is not a bad way to begin.

Socializing Genetic Diseases
Vololona Rabeharisoa

Professor of Sociology, Centre de sociologie de l’innovation, 
MINES ParisTech, Paris, France
The sequencing of the human genome has been a major scientifi c adven-
ture of the late 20th and early 21st centuries. It has played a decisive role 
in the development of biomedicine and has led to numerous partner-
ships between researchers, clinicians, and the pharmaceutical and bio-
tech industries.

Patient organizations have also been involved in these partnerships 
from the very beginning. In France, for instance, the French muscular 
dystrophy organization, the AFM (Association Française Contre les Myo-
pathies), is a classic example. To step up the struggle against neuromus-
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cular diseases, it created its own laboratory, Généthon, which published 
the fi rst physical maps of the human genome and handed them over to 
the United Nations Educational, Scientifi c, and Cultural Organization 
(UNESCO) in 1993, as a heritage to humanity. 

Numerous patient organizations concerned with rare diseases (80% of 
which are of genetic origin), national alliances, and a European umbrella 
organization (Eurordis—European Organization on Rare Diseases) have 
been created and have adopted and adapted this model of partnership 
with research and health institutions. The “Marche des Mala-
dies Rares” (shown in the photo above) is an annual charity walk 
organized by the French Alliance on Rare Diseases. This collec-
tive mobilization is what led the European Union in 2009 to ask 
its member states to consider rare diseases a public health issue.

The fact that the complete genome sequences are now avail-
able has had effects on patient advocacy. First, from my obser-
vations in France, patient organizations have multiplied, notably 
because many genetic abnormalities (and not only genes) have 
been discovered. Second, thanks to knowledge derived from the 
sequencing of the complete genome, patient organizations are 
confronting the complexity of their diseases in their multiple, het-
erogeneous, and sometimes singular manifestations. As a conse-
quence, the very defi nition and contours of the conditions they 
are concerned with sometimes become strategic elements in their 
self-descriptions. Third, because the same biological pathways 
might be involved in different conditions, patient organizations 
are considering cross-condition research subjects and issues. 

What lessons can be learned from patient organizations’ 
active participation in genetic and now genomic research? 
First and foremost, it has shown lay people’s ability to engage 
in activities that were considered for a long time as the pre-
serve of specialists. Second, patient organizations have made 
a crucial contribution to the socialization of genetic diseases. 
Through their involvement in research, they have fostered a 
strong sense of solidarity with patients whose diseases were, 
until recently, considered to be shameful defects that excluded 
them from a common humanity.

The Genome Dances
Liz Lerman 

Liz Lerman Dance Exchange, Takoma Park, MD, USA

As the work to map the human genome was fi nishing, I began to contem-
plate a performance piece exploring some of the meanings inherent in 
genetic discovery. As often happens, my research endeavors yielded too 
much data, and I soon recognized that a dance about the human genome 
could be a dance about religion, capitalism, policy, race, population con-
trol, or a dozen other topics. But after exploring the subject for a year 
through encounters with scientists, I settled on a format that framed 
the surprising commonalities of art and science and ventured to use the 
medium of dance as a science delivery system, setting up three topics: 
aging, ancestry, and perfection. The dance eventually premiered in 2006 
as Ferocious Beauty: Genome, a work combining live dance with video pro-
jections that capture the faces, voices, and moving bodies of some of our 
wonderful science collaborators. 

So for me, having the genome in hand meant that scientists were ready 
to talk to an artist—an essential element in my ability to create this work. 
Amid sensationalistic speculations and Frankenstein scenarios, the geneti-
cists, biologists, and ethicists I engaged seemed eager for a platform that 
would bring a personal voice, a sense of beauty and history, and a range of 
feeling to bear on this most human of topics.  Audiences throughout North 
America have responded in kind: “I didn’t expect it to be so emotional.” 
“I didn’t realize how human scientists were.” “I expected to be confi rmed 
in my hatred for science, but now I have to reconsider.” Along this path, I 
encountered amazing scientists pursuing knowledge with passion, creativ-
ity, and leaps of imagination that were akin to those of my own art-making 
colleagues.  I found a commitment to embracing wide paradoxes, such as 
how we humans are both common and unique.  I discovered both a pro-
found interest in personal inquiry in the lab and a commitment to prepar-
ing the larger public to handle the outcome of all of this research. After 
5 years of taking this dance to communities throughout North America, 
I have made many new friends in a fi eld that is not so far from my own, 
although we have been trained to think we are separate.  
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been discovered. Second, thanks to knowledge derived from the 
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quence, the very defi nition and contours of the conditions they 
are concerned with sometimes become strategic elements in their 
self-descriptions. Third, because the same biological pathways 
might be involved in different conditions, patient organizations 
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active participation in genetic and now genomic research? 
First and foremost, it has shown lay people’s ability to engage 
in activities that were considered for a long time as the pre-
serve of specialists. Second, patient organizations have made 
a crucial contribution to the socialization of genetic diseases. 
Through their involvement in research, they have fostered a 
strong sense of solidarity with patients whose diseases were, 
until recently, considered to be shameful defects that excluded 
them from a common humanity.

The Genome Dances
Liz Lerman 

Liz Lerman Dance Exchange, Takoma Park, MD, USA

As the work to map the human genome was fi nishing, I began to contem-
plate a performance piece exploring some of the meanings inherent in 
genetic discovery. As often happens, my research endeavors yielded too 
much data, and I soon recognized that a dance about the human genome 
could be a dance about religion, capitalism, policy, race, population con-
trol, or a dozen other topics. But after exploring the subject for a year 
through encounters with scientists, I settled on a format that framed 
the surprising commonalities of art and science and ventured to use the 
medium of dance as a science delivery system, setting up three topics: 
aging, ancestry, and perfection. The dance eventually premiered in 2006 
as Ferocious Beauty: Genome, a work combining live dance with video pro-
jections that capture the faces, voices, and moving bodies of some of our 
wonderful science collaborators. 

So for me, having the genome in hand meant that scientists were ready 
to talk to an artist—an essential element in my ability to create this work. 
Amid sensationalistic speculations and Frankenstein scenarios, the geneti-
cists, biologists, and ethicists I engaged seemed eager for a platform that 
would bring a personal voice, a sense of beauty and history, and a range of 
feeling to bear on this most human of topics.  Audiences throughout North 
America have responded in kind: “I didn’t expect it to be so emotional.” 
“I didn’t realize how human scientists were.” “I expected to be confi rmed 
in my hatred for science, but now I have to reconsider.” Along this path, I 
encountered amazing scientists pursuing knowledge with passion, creativ-
ity, and leaps of imagination that were akin to those of my own art-making 
colleagues.  I found a commitment to embracing wide paradoxes, such as 
how we humans are both common and unique.  I discovered both a pro-
found interest in personal inquiry in the lab and a commitment to prepar-
ing the larger public to handle the outcome of all of this research. After 
5 years of taking this dance to communities throughout North America, 
I have made many new friends in a fi eld that is not so far from my own, 
although we have been trained to think we are separate.  
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Bringing the Museum 
into the Classroom

SPORE* SERIES WINNER

Steve Gano  and Ro Kinzler  

Digital modules for online resources and good 
metadata help teachers fi nd the museum’s rich, 
authoritative science content to use in their 
classrooms.

          F
ield trips to science institutions offer 

an opportunity for teachers to spark 

student interest and to supplement 

their classroom teaching with vivid experi-

ences of science and nature. At the American 

Museum of Natural History (AMNH) in New 

York City, education is central to our mis-

sion, and all content is developed to support 

learning. Museum exhibition and education 

staff produce media-rich content that is sci-

entifi cally authoritative, thanks to collabora-

tion with members of the museum’s research 

staff of more than 200 active scientists. Dig-

ital technology opens new avenues to bring 

these resources into the classroom to extend 

a class fi eld trip or to bring the museum to 

classrooms outside the New York City region.

Research shows that when science teach-

ing engages students in authentic scientifi c 

inquiry, it improves their understanding of 

both content and process (1, 2). Effective sci-

ence teachers supplement their curricula with 

stimulating scientifi c content resources that 

inspire students’ personal connection (see the 

fi rst fi gure). When teachers bring museum 

resources into the classroom, students’ 

engagement in the content and the practices 

of science increases (3). Supplements help 

teachers adapt their teaching to students’ cul-

tures, interests, and capabilities, which vary 

from district to district and classroom to class-

room (4, 5). These factors inspired Resources 

for Learning (RFL), a free, online catalog of 

the AMNH’s science education materials (6).  

We designed RFL to make the museum’s 

science content accessible to all teachers. 

This includes subject matter derived from the 

museum’s permanent exhibitions, as well as a 

growing body of materials produced directly 

for online use and dissemination. In addition, 

AMNH produces several new special exhi-

bitions every year. All exhibitions have an 

online presence accessible through RFL.

About 10 years ago, AMNH began to 

produce science content specifi cally for an 

online audience. The museum’s Science Bul-

letins program produces short video docu-

mentaries and visualizations for display in 

our permanent exhibition halls, for distribu-

tion to 30 institutional subscribers around the 

world, and for free distribution on the Web. 

Science Bulletins stories report on current 

scientifi c research in astrophysics, Earth sci-

ences, biodiversity, and evolution. OLogy, the 

museum’s Web site for kids, is updated with 

each new exhibition and contains hundreds 

of articles, activities, animations, and inter-

active programs that engage kids in the sub-

ject matter, concepts, and practice of science. 

OLogy content is created directly for online 

use and is based on the concepts and learn-

ing goals of the exhibition. As is true for our 

exhibitions, all materials produced for online 

audiences benefit from the direct involve-

ment of museum scientists, who carefully 

author, edit, and review the content.

Through formative evaluation, includ-

ing focus groups with classroom teachers, 

we learned that descriptive metadata, such 

as grade level, resource type, and amount of 

class time required would help teachers fi nd 

and evaluate useful resources. Formal usabil-

ity testing of a beta version of the RFL site, 

launched in Spring 2002, led to the develop-

ment of a search function that enables tar-

geted searches via a catalog organized by 

scientifi c disciplines and subtopics. “Teacher 

Tips,” written by staff science educators with 

classroom experience, offer advice on how 

best to adapt exhibition materials, science 

video documentaries, and 

other types of resources for 

use in the classroom. Cor-

relations with the National 

Science Education Stan-

dards (7) help teachers con-

nect resources to specific 

goals and requirements.

Teachers told us that, 

when looking for ways to 

supplement their curricu-

lum, fl exible content mod-

ules were easier to integrate 

into their existing practice. 

Thus, RFL favors smaller, 

stand-alone modules over 

complex, multipart items. As 

we add materials, we parti-

tion them into their smallest self-contained 

components, each with its own catalog-

ing metadata. This increases “surface area,” 

affording each item more opportunities to 

match a particular user’s requirements. RFL 

content modules can be used individually or 

combined with other resources to make up a 

1-day lesson plan, a multiday unit, or even a 

semester-long curriculum.

These fi ne-grained, cataloged, and cross-

referenced content modules facilitate the 

reuse of items in new contexts. For example, 

for each of the special exhibitions offered at 

AMNH, we create a “special collection” of 

existing resources that support and extend its 

major themes. A recent exhibition on climate 

change included videos on tropical glaciers in 

Peru and boreal forests in Alaska, as well as 

visualizations of global sea surface temper-

ature, all of which had been previously pro-

duced for Science Bulletins and cataloged 

in RFL. In addition, the full content of each 

exhibition-specifi c Educator Guide is housed 

in RFL, with each of the learning activities 

cataloged individually to make them avail-

able for new uses in the classroom.

Teachers report using RFL to locate spe-

cific resources and to design meaningful 

learning experiences for their students. A 

high-school teacher who was developing a 

microbiology course wanted to fi nd resources 

on evolution and biodiversity. He told us, “It 

is inconceivable for me to plan a curriculum 

for a microbiology course without exploring P
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American Museum of Natural History, New York, NY 10024, 
USA.

*SPORE, Science Prize for Online Resources in Education; 
www.sciencemag.org/special/spore/. 

Author for correspondence. E-mail: gano@amnh.org

AMNH content is cataloged for teachers. Teachers use Resources for 
Learning to discover engaging, authoritative current science content like 
this Science Bulletins video to supplement their science curriculum and 
to engage students’ attention and interest.
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genomic research, bio-

technology techniques, 

and the driving force 

of biodiversity: evolu-

tion.” Using resources 

he found through RFL, 

he took his students on 

a “virtual tour” of the 

museum’s human ori-

gins exhibition, where 

students learned how to 

evaluate fossil evidence 

and how it applied to the 

science of understand-

ing hominid evolution 

(see the second figure). 

He also incorporated two 

interactive “tree of life”

resources from OLogy 

to demonstrate how sci-

entists use cladograms to model evolution. 

Another teacher sought to engage her fi fth 

graders in a unit on biological communi-

ties by letting them explore some biodiver-

sity activities on OLogy, which inspired her 

students to ask questions such as “how are 

humans connected to bacteria and insects?”

Questions like these support the assertion that 

supplementary resources inspire and support 

authentic student inquiry.

Across the board, teachers report that they 

value access to this curated database. “This 

AMNH [Web site] is a great tool to use in the 

classroom for students to gain a better under-

standing of a complex concept,” commented 

a middle-school teacher in New Jersey. “The 

resources of the AMNH seem endless, with 

unlimited virtual access,” said a teacher from 

a New York City high school. They have also 

indicated an interest in accessing lessons 

that connect to these resources and that have 

been implemented in classrooms by their col-

leagues. This information is infl uencing the 

museum’s digital content strategy, which 

aims to provide teachers tools (such as a new 

lesson-planning tool for selecting and orga-

nizing online resources) for use in their class-

rooms and to share with other teachers.

Our content model enabled a partner-

ship with Macmillan McGraw-Hill, which 

publishes kindergarten to sixth grade 

(K–6) science textbooks used in class-

rooms nationwide. We used RFL to 

create special collections of AMNH 

resources correlated to the key topics 

and learning goals of each chapter in 

the textbook series, offering teachers 

around the country additional ways to 

connect the textbook material to the 

interests of students in their classroom. 

Our model has also fostered new part-

nerships by making it easy to share 

with and contribute to similar reposi-

tories, such as National Science Dig-

ital Library (NSDL), Digital Library 

for Earth System Education (DLESE), 

and Science and Math Informal Edu-

cators pathway (SMILE).

Demonstrating the value of mod-

ular content and robust metadata are 

another way that RFL continues to 

inform the museum’s overall digital 

content strategy. The museum recently 

launched a new mobile application, 

the AMNH Explorer, which helps vis-

itors on site in the museum fi nd their 

way through exhibition 

halls and allows them 

to bookmark exhibition 

objects for further explo-

ration online. Our educa-

tion department is work-

ing with local teachers 

to consider how the next 

version of Explorer might 

enhance their teaching at 

the museum and in the 

classroom. These teach-

ers express a clear desire 

to be active users of the 

device, to plan fi eld trips 

around the topics they are 

teaching, and to incorpo-

rate related content, like 

Science Bulletins, into 

their plans. The museum 

is also redesigning its Web site with a new 

strategy that will represent both exhibition-

based and created digital fi les as reusable, 

modular content with thorough metadata, so 

that the new capabilities these teachers ask 

for can be developed on any digital platform.

The future of science museums embraces 

both kinds of experiences: the irreplaceable 

impact of directly encountering physical evi-

dence on site, and the ready access to an enor-

mous library of authentic scientifi c content 

by means of many digital platforms. The goal 

is a continuous presence for the museum’s 

content that extends into the classroom as a 

ready resource for effective science teaching.
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Lagging science scores among incoming 

undergraduates have created new teaching 

challenges, experts gathered last month in 

Washington, D.C., said, sharpening the need 

to identify effective education strategies.

Innovative teaching is making headway 

on some campuses, but participants at the 

2011 Transforming Undergraduate Educa-

tion in Science, Technology, Engineering, and 

Mathematics (TUES) conference said these 

approaches must be more widely used.

Speakers at the meeting organized by the 

U.S. National Science Foundation and AAAS 

noted that promising projects in science, tech-

nology, engineering, and math (STEM) edu-

cation are often isolated successes.

“If we want to inspire learning at all 

levels” of students, said Niccole Villa 

Cerveny, a geographer at Mesa Community 

College in Arizona, “we really need to come 

up with better ways to disseminate what’s 

created out of each one of these projects.”

Undergraduate educators are reshaping 

their lessons as some students arrive unpre-

pared for college-level classes. In January, 

the National Assessment of Educational 

Progress released a report showing that 

only 21% of U.S. high school seniors were 

“profi cient” in grade-level science knowl-

edge. This month, a report in New York state 

showed that fewer than half of the state’s 

high school graduates are ready for college 

or skilled jobs in the workforce. 

U.S. President Barack Obama’s FY 2012 

budget, released 14 February, includes fund-

ing for 100,000 new STEM teachers. Some 

speakers at the TUES conference said these 

teachers will receive their fi rst critical expo-

sure to the sciences as undergraduates.

“The performance from K-12 students is 

connected to the capability of their teachers,” 

said Shirley Malcom, director of AAAS Edu-

cation and Human Resources. “But the devel-

opment of this capability is a responsibility 

that begins in our colleges and universities.”

The National Science Foundation’s TUES 

program (formerly the Course Curriculum 

and Laboratory Improvement program) has 

distributed grants to colleges and universi-

ties since 1999 to encourage education inno-

vation. At the 26 to 28 January conference, 

more than 500 participants shared innova-

tive projects such as home labs for astronomy 

and optics students, online calculus tutors, 

and classes in the virtual world Second Life 

to teach undergraduates about online security. 

Last year, AAAS published a report highlight-

ing 17 innovative projects under way across 

the country (see www.aaas.org/go/ccli09). 

This year’s meeting focused on the chal-

lenge of implementing these programs more 

broadly. “We want to seriously address what 

it will take to bring about a cultural shift to 

student-centered instruction,” said Linda L. 

Slakey, director of NSF’s Division of Under-

graduate Education.

Phoebe Stubblefi eld, director of the Foren-

sic Science Program at the University of 

North Dakota, said many faculty at her uni-

versity are discouraged from using innovative 

methods because “the typical academic cul-

ture values research productivity over teach-

ing and learning.”

Educators must move “away from this 

notion of ‘I published, therefore I dissemi-

nated,’ because publications reach a very 

small scientifi c community,” Cerveny said. 

Teaching at the pre-college level suffers as a 

result, since “much of what we do is not avail-

able to K-12 teachers.”

Sparse support for science teaching 

could leave many ill prepared to join the 

21st-century workforce, said Carl E. Wieman, 

a former U.S. professor of the year and now 

associate director for science at the White 

House Office of Science and Technology 

Policy. He urged educators to evaluate new 

programs with an eye toward discouraging 

rote memorization and encouraging students 

to think like scientists. 
 –Cheryl Toksoz and Becky Ham

Undergraduate Educators Urge 
Broader Embrace of Innovation

Second Life for learning. Penn State educators 
are using Second Life’s virtual campus to teach 
lessons in online security. But can such innovative 
efforts be extended beyond the university?
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INTERNATIONAL

India, AAAS Explore Science Diplomacy
India and the United States should explore a 
range of cooperative initiatives in science and 
technology, including joint projects in develop-
ing nations such as Afghanistan and large-scale 
research collaborations, delegates concluded at 
a workshop in Bangalore.

These recommendations and others emerged 
from a 3-day workshop on science diplomacy, 
organized by India’s National Institute of 
Advanced Studies (NIAS) and AAAS, that con-
vened top-level scholars, diplomats, and science 
policy leaders. They explored an area that holds 
great promise and importance: How can the two 
science powers conduct science diplomacy and 
cooperate on critical science-related issues? 

Participants from both nations urged follow-
up efforts to build an enduring and productive 
relationship. 

“We should be addressing as partners some 
of the pressing global problems like renewable 

energy, climate change, or drugs for infectious 
diseases,” said NIAS Director V. S. Ramamurthy, 
a nuclear physicist and former secretary to the 
Indian Department of Science and Technology. 
“Such things will happen when diplomats and 
policy-makers learn to appreciate the scientifi c 
and technological strengths and needs of the 
[two] countries.”

“We are living at a time when science and 
technology are embedded in almost all of 
human activity,” said AAAS Chief Executive Offi -
cer Alan I. Leshner, the executive publisher of 
Science. “The global scientifi c community has 
to function in a more global way…. Bilateral 
scientist-to-scientist contact and collaboration 
are not enough to do this. There is a require-
ment to ‘harmonize’ global science—to make 
values, policies, and regulations compatible.”

The meeting was supported by the Indo-U.S. 
Science and Technology Forum.

EDUCATION

Published by AAAS
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Homoplasy: From Detecting Pattern
to Determining Process
and Mechanism of Evolution
David B. Wake,1,2* Marvalee H. Wake,1,2 Chelsea D. Specht3

Understanding the diversification of phenotypes through time—“descent with modification”—has
been the focus of evolutionary biology for 150 years. If, contrary to expectations, similarity evolves in
unrelated taxa, researchers are guided to uncover the genetic and developmental mechanisms
responsible. Similar phenotypes may be retained from common ancestry (homology), but a phylogenetic
context may instead reveal that they are independently derived, due to convergence or parallel evolution,
or less likely, that they experienced reversal. Such examples of homoplasy present opportunities to
discover the foundations of morphological traits. A common underlying mechanism may exist, and
components may have been redeployed in a way that produces the “same” phenotype. New, robust
phylogenetic hypotheses and molecular, genomic, and developmental techniques enable integrated
exploration of the mechanisms by which similarity arises.

Phenotypes and taxa are expected to diverge
as evolution proceeds. Thus, when diver-
gent lineages are found to be morpholog-

ically similar, explanation is needed. Homoplasy
is similarity that is the result not of simple an-
cestry, but of either reversal to an ancestral trait in
a lineage or of independent evolution (conver-
gence, similarity resulting from different devel-
opmental genetic mechanisms; or parallelism,
similarity resulting from the same developmental
genetic mechanisms) (Fig. 1). For example, body
elongation in salamanders usually occurs in
parallel in different taxa by addition of vertebrae,
but increased body length may result from elon-
gation of individual vertebrae, an instance of con-
vergence (Fig. 1B). Independent evolution can
result from common adaptive responses to selec-
tion pressures, such as changes in phenotype as-
sociated with a particular life strategy [e.g., a loss
of structural anatomy in aquatic plants; the re-
duction of leaf blade surface in desert plants;
evolution of expanded toe tips (scansors), spe-
cialized for clinging in lizards]. An alternative is a
more organismal mode of evolution, dependent
on developmental and genetic mechanisms that
are deeply embedded in the evolutionary history
of the lineage and are components of integrated
organismal systems (1, 2). To explore this evolution-
ary mode—the focus of this essay—hierarchical
perspectives are essential (3). Complex morpho-
logical features of organisms are self-regulating
from developmental genetic and historical per-
spectives. Becausemorphological space is limited
by constraints, not all possible morphologies for

a particular organism are realized or expressed.
This inherent limitation on form increases the
likelihood of homoplasy (4).

Phylogenetic analysis is necessary to show
that derived similarity is not the simple result of
common ancestry of taxa being compared.
Usually homoplastic features are consequences
of convergence or parallelism (Fig. 1, B and C).
Structures that appear to have been lost may
reappear, but such instances are uncommon (Fig.
1A). Study of the underlying developmental ge-
netic mechanisms may reveal whether the recur-
rent structure has evolved via a novel mechanism
or whether the ancestral mechanism has been de-
ployed repeatedly. Thus, the study of homoplasy
requires the integration of genetic, developmen-
tal, and phylogenetic resources and perspec-
tives. However, one does not seek homoplasy—it
“finds” the researcher and compels one to ask
appropriate questions.

How Is Homoplasy Recognized?
Homology is what is perceived as the same trait
in different taxa and is a true representation of
inheritance and phylogeny at the organismal level
(e.g., it is the perceived phenotype, not the processes
responsible for generating it). Homoplasy is the
diametric opposite of homology (5)—underlying
similarity that does not result from inheritance at
the hierarchical level (e.g., gene, tissue, organ; de-
velopmental pattern) being considered (6, 7).
Homoplasy is recognized by discordance with
other characters in a phylogenetic analysis (Fig.
2). Molecular sequence data have greatly in-
creased our ability to identify homoplastic traits.
The various classes of homoplasy (convergence,
parallelism, reversals) are not necessarily mutually
exclusive (8, 9) and can be difficult to discriminate
(10). Whereas parallelism and convergence run
along a continuum (11, 12), convergence typical-
ly occurs over relatively greater phylogenetic dis-

tances. This distinction is important in interpreting
the genetics of adaptation (13); convergence gen-
erally results from different genetic mechanisms,
while parallelism typically arises from similar ge-
netic causes, providing a heuristic context. Once
identified, processes that generate the homoplastic
traits become the targets of research.

A New Emphasis on Processes, Mechanisms,
and Levels
Although homoplasy historically posed problems
for phylogeneticists, it has defined fundamentally
interesting questions for modern developmental
genetics and evolutionary biology. Using devel-
opmental genetic approaches in comparative and
hierarchical contexts is essential for identifying
and defining processes responsible for similar
phenotypes in diverse taxa. Mechanisms respon-
sible for generating phenotypic similarity are found
at different organizational levels—the phenotypic
or whole organismal, developmental, epigenetic,
and genetic levels.

The integration of genetics, signaling patterns
and regulation, developmental pathways, and
phylogenetics is in its infancy, but promises to
open the “black box” of phenotype evolution. By
comparing genetic regulatory networks (GRNs),
and conducting experiments to alter them, the
causal basis of development and evolution is
illuminated, and evolutionary pathways that lead
to fundamental changes in morphology can
potentially be reproduced [synthetic experimen-
tal evolution (14)]. Although experiments may
reproduce ancestral phenotypes, alternative de-
velopmental pathways may exist. Exploring the
potential range of phenotypes [evolvable states
(15)] to reveal genetic mechanisms involved
with macroevolutionary processes is likely to be
fruitful.

Adaptively Driven Homoplasy
Adaptively driven homoplasy may result from
similar selective pressure, as in the evolution of
reduced body armor and pelvic appendage struc-
tures (antipredatory adaptations) in stickleback fishes
that occurred repeatedly in populations that in-
vaded freshwater lakes, which are characterized
by reduced numbers of predators (16, 17). Pelvic
loss results when regulatory mutations occur that
cause deletion of a tissue-specific enhancer asso-
ciated with the Pituitary homeobox transcription
factor 1 (Pitx1) gene (18). Selection for a reduc-
tion in lateral body armor plates involves muta-
tions of the Ectodysplasin (Eda) locus (19). These
findings show that major phenotypic changes can
be associated with regulatory changes in devel-
opmental genetic programs (20).

Homoplasy of individual genes is exempli-
fied by convergent adaptive pigmentation in di-
verse vertebrates due to evolution of gene function
(21, 22). The samemutation in theMelanocortin I
receptor gene (Mc1r) was found in light-colored
beach mice, as well as a 43,000-year-old mam-
moth from Siberia. In contrast, different mutations
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in the same gene sometimes explain convergent
phenotypes. For example, different mutations in
Mc1r are responsible for blanched phenotypes
of two species of lizards (only distantly related
to each other) from the White Sands of New
Mexico (22), and different mutations in Agouti
are responsible for independently evolved light
coloration in Nebraska Sand Hill and Florida
Coast populations of Peromyscus (maniculatus
and polionotus, respectively). Finally different
genes entirely can be responsible for convergent
phenotypes, as is likely the case for independent-
ly evolved light coloration of Gulf and Atlantic
Coast populations of P. polionotus. These exam-
ples document that phenotypic convergence in-
volves fine- to coarse-grained genetic changes.

Adaptively driven petal forms in flowers exem-
plify a complex hierarchical evolutionary history.
The perianth (i.e., sterile structures surrounding
reproductive parts of the flower), a defining de-
rived feature for flowering plants, usually com-
prises both outer (sepals) and inner (petals) organs.
Petals may have evolved independently at least
six times (23), arising as modified stamens or
bracts through changes in expression patterns of

specific homeotic genes (24). Petals themselves
vary greatly in size, color, shape, orientation, and
function, and have been lost repeatedly. Howev-
er, all petals appear to follow a similar genetic
program that involves the expression of a set of
organ identity genes that control the development
of the floral meristem at a specific place (external
to the stamens) and time (following stamen ini-
tiation) (25). Intriguing questions arise when we
consider the homoplastic deployment of a similar
genetic regulatory pathway in a similar spatial
context to generate second whorl petals, and in a
different spatial context to create novel structures
(e.g., petaloid stamens in Zingiberales, petaloid
bracts in dogwoods). Although their multiple or-
igins make petals homoplasious, the similarity of
the underlyingmechanisms for petal organogenesis
is an example of deep homology (see below).

Hierarchically Determined Homoplasy
Hierarchically determined homoplasy is derived
from the conserved internal organization of orga-
nisms. Homoplasy at the genome level occurs as
an indirect effect, through upward causation.
Salamanders have the largest genomes among

terrestrial vertebrates (26), resulting from balanced
growth among chromosomes from transposons
and retrotransposons. Genome size is positively
correlated with cell size. Because of constraints
on organismal size (terrestrial salamanders rarely
exceed 15 cm; most taxa are much smaller), there
are corresponding constraints on cell number per
organ, affecting oganismal form. Cell size is neg-
atively associated with cell cycle, so the larger the
cell the slower it divides. Small animals have
fewer and more slowly dividing cells. Slowing
cell division, reducing the numbers of limb blas-
tema cells (cells that differentiate into the various
tissues that compose the limb), can decrease digit
number in both frogs and salamanders (27) in
phylogenetically determined patterns (innermost
digit lost first in frogs, outermost in salamanders).
Thus, increased genome size may retard ontoge-
netic trajectories and result in a simplification of
morphological complexity (28). Such homoplasy
in brain morphology has been documented in
large-genomed salamanders, frogs, and caecil-
ians (28).

Deep homology. Homoplastic traits that are
found to share a “deeper” developmental genetic

A

I

I

III

II

DD

L

L

B C Rhinatrematidae

Ichthyophiidae

Uraeotyphlidae

Typhlonectidae

Caeciliidae

Teresomata

Scolecomorphidae

Diatriata

?

1 cm

1 cm

1 cm

Neocaecilia

Fig. 1. Homoplasy in a phylogenetic context. (A) Example of a reversal in
plethodontid salamanders where larvae (L) were lost and replaced by direct
development (DD). Larvae re-evolved within the deeply nested genus
Desmognathus (47). (B) Convergence and parallelism in two clades of
plethodontid salamanders that show similar body elongation due to different
pathways. The ancestral mode (I) has 14 trunk vertebrae (highlighted in
yellow; every fifth vertebra shown in orange). One mode (which has evolved
in two independent lineages) adds vertebrae (II); the alternative mode

elongates individual vertebrae (III) (48). (C) The evolution of viviparity (live-
bearing reproduction) in caecilians (Amphibia: Gymnophiona) shows
parallelism in five different lineages (49, 50). Red branches indicate lineages
with viviparity; red squares indicate genera in which one or more species
have evolved the trait; ? indicates unknown reproductive mode, assumed to
be viviparous as are other members of the clade; blue branches and circles
indicate oviparous (egg-laying) clades. Phylogram after Wilkinson and
Nussbaum (51).
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mechanism are said to show deep homology. Com-
mon developmental genetic mechanisms have
been shown to underlie features that long were
considered classic examples of convergent evo-
lution (29–31). The paired appendages of tetra-
pods (e.g., salamanders, lizards, mammals) and
arthropods (e.g., flies, lobsters, spiders) evolved
independently, but integration of phylogenetics,
development, and genetics in a hierarchical con-
text shows that homologous gene clusters sharing
ancient common ancestry are responsible for the
initial outgrowths from the body that become pat-
terned along body axes (front to back, top to bottom,
etc.) (29, 30). Patterning in tetrapod appendages,
despite considerable variation among taxa, is
largely governed by relatively late expression of
long-conserved homologous Hox genes during
development. This also happens in fish fins; the
same fundamental process might control even
relatively terminal portions of the development of
fins and limbs (30). Thus, while the morpholog-
ical structures expressed in adults (e.g., legs of
flies and legs of humans, or digits of salamanders
and fin rays of zebrafish) are not homologous
(because they were not present in a shared an-
cestor), homology may lie within the organiza-
tion of Hox genes and their regulatory networks,
although specific genes might have different ex-
pressions. This deep homology (29) breaks the

ideological constraints associated with homo-
plasy (5) and reveals a continuum rather than a
dichotomy (11, 12) of convergence and parallel-
ism at different levels within an organism and
among diverse taxa within a clade.

The image-forming eyes of invertebrate and
vertebrate taxa are convergent organs that share
some core developmental genetic mechanisms
that exemplify deep homology (32). All eyes, in-
vertebrate and vertebrate, develop through a cas-
cade (32) of similar transcription factors despite
vast phylogenetic distances. These networks in-
clude genes (e.g., Pax6) that have been deployed
in different ways at different times, and specific
pathways that have re-evolved in different line-
ages by mutation, gene duplication, and interca-
lary evolution (30, 32). The networks and cascades,
which contain homologous genes and members
of the same gene families, are not genetically
identical. Thus, the end phenotypes might be gen-
eral homologs at a deep hierarchical level but
convergent with respect to end phenotype and
phylogeny. Indeed, what has historically been
termed “convergence” and attributed to indepen-
dent evolution in unrelated taxa has a common
genetic system associated with trait development

(30). Comparing underlyingmechanisms alone is
insufficient if they are not integrated appropriate-
ly in developmental and phylogenetic hierarchies.

Metameric growth of plants (production of
repeating units) requires the identification of ho-
mology in positional, developmental, and func-
tional levels to detect homoplasy (33). The outer
whorl (sepals) in some monocots (e.g., bananas,
Zingiberales: Musaceae) appears identical to the
second whorl (petals) (Fig. 3), yet in other mono-
cots (e.g., gingers, Zingiberales: Zingiberaceae
and Costaceae), sepals and petals are distinct
(24), indicating that positioning in the outer whorl
alone does not necessarily imply homology of
development or function. Furthermore, petaloid
staminodes (organs that resemble petals) replace
the outer stamens in four of the eight families of
the Zingiberales (Fig. 3) (34). Similar heterotopic
(displacement from normal position) modifications
of stamens and petals are found in other flower-
ing plants such as members of the Ranunculales
(35), which as basal eudicots are phylogenetically
distant from the monocots. Deducing the lineage-
specific genetic program underlying sepal, petal,
stamen, and staminode identity among closely
related taxa such as the Zingiberales, and more

Determine whether each trait is 
present in:

Map traits of interest on the 
phylogram

Select a phylogram of relationships
of taxa under study

An ancestor and its
descendants

HOMOLOGY

Two (or more) lineages
that lack a recent 
common ancestor 

HOMOPLASY –
Convergence or parallelism

An ancestor, but not in its
immediate descendants, 

but present in a 
subsequent descendant

HOMOPLASY –
Reversal

Fig. 2. Flow diagram of the process of detecting
homoplasy.
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Fig. 3. A model for the developmental evolution of Zingiberales floral organs. The canonical ABC model
(52) for floral organ identity in taxa outside Arabidopsis indicates that the SEPALLATA (SEP) genes alone are
expressed in the sepal whorl (30), B-class genes [GLOBOSA (GLO) and DEFICIENS (DEF) homologs] code for
petals, B- plus C-class genes [AGAMOUS (AG) homologs] code for stamens, and C-class alone (AG) codes for
carpels. Expression of members of the SEP gene family is likely present in all whorls (53). The phylogeny of
Zingiberales indicates important character transitions (34). For each family, the organs characteristic of each
whorl are indicated: green, sepal; orange, petal; yellow, fertile stamen; blue, carpel. The petal-like sepals of
Musa and petal-like stamens of the four ginger families are indicative of the potential of different genetic
programs underlying the positional homoplasy (functional homology). For each family, the hypothesized
pattern of B-class (yellow bar) and C-class (blue bar) gene expression for each whorl is indicated. (a and b)
Musa (Musaceae) flower with petal-like organs in sepal and petal whorls and filamentous fertile stamens.
(c and d)Monocostus (Costaceae) flower with distinct sepal and petal whorl organs, fused outer and inner
petaloids forming the labelum, and (d) a single fertile petaloid stamen from the inner stamen whorl.
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distant taxa comprising all angiosperms, requires
both a phylogenetic framework to fully explain
the mechanisms of organ homology and evo-
lution (Fig. 3) and an understanding of the na-
ture of gene regulation to determine at what level
“the same thing” operates in disparate organisms
displaying homoplastic parts. Thus, the distinc-
tion between convergent and parallel homoplasy
(5, 10, 30, 31, 36) fades, to be replaced with new
research opportunities.

When Phylogenies Do Not Resolve
Phenotypic Trajectories
Although phylogenetic hypotheses are necessary,
they are not always sufficient to resolve major
questions involving parallelism and reversibility.
Mesoevolution (36) connotes the problem of
parallelism, a transitional condition between true
homology (recent common ancestry) and true
convergence (independent evolution of similarity),
as well as between microevolution and macro-
evolution.Microevolutionary forces develop asso-
ciations between regulatory genes of major effect,
networks connected with them, and selection,
leading to adaptation. Once these relationships are
established, bias and constraint are established
through homologous GRNs in response to similar
environments. Co-option of this genetic system
transitions microevolutionary processes govern-
ing parallelism (with its reliance on common
mechanisms) to macroevolutionary convergence
(independent evolution of the same trait). Con-
vergent morphologies may arise from gene and
genome duplications, followed by co-option of
pathways or parts of pathways and shifts in
timing and position of expression. The CYC/TB1
subfamily of TCP genes controls floral symmetry
across angiosperms; monosymmetric (zygomor-
phic) flowers have evolved homoplastically from
radially symmetric ancestors several times, using
the same toolkit of CYC-like genes (37). Copy
number and expression patterns of the homolog-
ous genes, however, appear to vary in each lineage
characterized to date, an example ofmesoevolution.

Reversibility.Dollo’s law—organ evolution is
irreversible—has been challenged (38, 39); how-
ever, examples of homoplastic reversion of or-
gans to an ancestral state are not convincing
(40, 41). Although atavism (the sporadic appear-
ance of ancestral traits) long has been invoked as
evidence of evolution, such traits do not become
fixed. Serially repeated structures (teeth, verte-
brae, segments, numbers of phalanges, wings)
have re-evolved in different positions within ani-
mal bodies, but the developmental genetic and
morphogenetic underpinnings are likely to have
been retained (42). In the case of re-evolved lizard
digits, the embryonic condensations of lost digits
might have remained and been redeployed, in
which case an understanding of the recurrence
might come from studying a developmental path-
way rather than the expressed trait (39, 43),
assuming objections to the phylogenetic hypoth-
esis can be overcome (41). Reversals, however,
also include regaining the ancestral traits of con-

ditions or states, not specifically organs (Fig. 1A),
but the mechanistic bases for such trait reversals
usually are not known.

In general, because relaxed selection leads to
erosion of unused developmental genetic path-
ways involved in trait production, lost structures
are unlikely to be re-evolved and evolutionary
reversals, especially at the level of organs and
complex features, are rare at best. The transition
from blue to red flowers in Ipomoea, which results
either from relaxed selection on the blue pathway
(which leads to its degradation) or from stabilizing
selection on the red pathway, is sufficiently com-
plex that reappearance of the original condition
does not occur (44). Similar irreversible losses
have been observed for self-incompatibility (a
postpollination mechanism that prevents self-
fertilization) among angiosperms (45).

What Does the Future Hold for Understanding
Homoplasy, and Thereby Evolution?
Similar environmental pressures are expected to
elicit similar adaptive morphologies, suggesting
that phenotypic homoplasy is often a conse-
quence of natural selection. However, phenotypic
similarity may result from homoplasy at different
hierarchical levels [different mutations of the same
gene, different genes, or different gene functions
(22)], suggesting that genetic constraints limit the
available variation upon which natural selection
can act, thus influencing the course of evolution-
ary change (5, 6). Convergent evolution may
provide insight into both ultimate and proximate
mechanisms generating diversity and can inform
regarding the extent to which the evolutionary
process is both repeatable and predictable (5).
Sets of developmental genetic mechanisms are
deployed repeatedly, under the control of genetic
regulatory and epigenetic factors, and the effects
can be large (30). Morphologically disparate taxa
that are only remote relatives share toolkits of
body-building and body-patterning genes (31).
Bounded variation on such general morphoge-
netic themes can produce homoplastic traits, whose
study can illuminate the underlying processes.
Although some think that such processes have
been overemphasized as evolutionary mechanisms
(46), we envision great opportunity for understand-
ing phenotypic evolution. It is in this context that
study of homoplasy has its greatest promise. Ex-
ploration of homoplasy will illuminate the limits
on phenotypic evolution, the nature and reasons
for biases in its direction, and why “descent with
modification” may follow predictable pathways.

References and Notes
1. E. Jablonka, G. Raz, Q. Rev. Biol. 84, 131 (2009).
2. S. F. Gilbert, D. Epel, Ecological Developmental Biology:

Integrating Epigenetics, Medicine, and Evolution (Sinauer
Sunderland, MA, 2009).

3. M. H. Wake, Biol. Theory 3, 213 (2008).
4. D. B. Wake, A. Larson, Science 238, 42 (1987).
5. S. J. Gould, The Structure of Evolutionary Theory

(Harvard Univ. Press, Cambridge, MA, 2002).
6. D. B. Wake, Am. Nat. 138, 543 (1991).
7. D. B. Wake, in Key Words and Concepts in Evolutionary

Developmental Biology, B.K. Hall, W. M. Olson,

Eds. (Harvard Univ. Press, Cambridge, MA, 2003),
pp. 191–201.

8. B. K. Hall, Biol. Rev. Camb. Philos. Soc. 78, 409 (2003).
9. B. K. Hall, J. Hum. Evol. 52, 473 (2007).

10. R. Diogo, Biol. Philos. 20, 735 (2005).
11. J. Arendt, D. N. Reznick, Trends Ecol. Evol. 23, 26 (2008).
12. J. Arendt, D. N. Reznick, Trends Ecol. Evol. 23, 483 (2008).
13. B. S. Leander, Trends Ecol. Evol. 23, 481, author reply

483 (2008).
14. E. H. Davidson, Nature 468, 911 (2010).
15. M. J. Donoghue, R. H. Ree, Am. Zool. 40, 759 (2000).
16. M. D. Shapiro et al., Nature 428, 717 (2004).
17. A. Y. Albert et al., Evolution 62, 76 (2008).
18. Y. F. Chan et al., Science 327, 302 (2010).
19. D. Schluter, K. B. Marchinko, R. D. H. Barrett,

S. M. Rogers, Philos. Trans. R. Soc. B 365, 2479 (2010).
20. M.-C. King, A. C. Wilson, Science 188, 107 (1975).
21. M. W. Nachman, H. E. Hoekstra, S. L. D’Agostino,

Proc. Natl. Acad. Sci. U.S.A. 100, 5268 (2003).
22. M. Manceau, V. S. Domingues, D. R. Linnen,

E. B. Rosenblum, H. E. Hoekstra, Philos. Trans. R. Soc. B
365, 2439 (2010).

23. M. J. Zanis, P. S. Soltis, Y. L. Qiu, E. Zimmer, D. E. Soltis,
Ann. Mo. Bot. Gard. 90, 129 (2003).

24. L. P. Ronse De Craene, Ann. Bot. (London) 100, 621 (2007).
25. V. F. Irish, J. Exp. Bot. 60, 2517 (2009).
26. T. R. Gregory, Biol. J. Linn. Soc. Lond. 79, 329 (2003).
27. P. Alberch, E. Gale, Evolution 39, 8 (1985).
28. G. Roth, K. C. Nishikawa, D. B. Wake, Brain Behav. Evol.

50, 50 (1997).
29. N. Shubin, C. Tabin, S. Carroll, Nature 388, 639 (1997).
30. N. Shubin, C. Tabin, S. Carroll, Nature 457, 818 (2009).
31. S. B. Carroll, Cell 134, 25 (2008).
32. J. Piatigorsky, Evo. Edu. Outreach 1, 403 (2008).
33. R. M. Bateman, in Homoplasy: The Recurrence of

Similarity in Evolution. M. J. Sanderson, L. Hufford,
Eds. (Academic Press, San Diego, CA, 1996), pp. 91–130.

34. B. K. Kirchoff, L. P. Lagomarsino, W. H. Newman,
M. E. Bartlett, C. P. Specht, Am. J. Bot. 96, 580 (2009).

35. E. M. Kramer, Annu. Rev. Plant Biol. 60, 261 (2009).
36. E. Abouheif, Evol. Dev. 10, 3 (2008).
37. J. C. Preston, L. C. Hileman, Trends Plant Sci. 14, 147

(2009).
38. R. Collin, M. P. Miglietta, Trends Ecol. Evol. 23, 602 (2008).
39. T. Kohlsdorf, G. P. Wagner, Evolution 60, 1896 (2006).
40. E. E. Goldberg, B. Igić, Evolution 62, 2727 (2008).
41. F. Galis, J. W. Arntzen, R. Lande, Evolution 64, 2466,

discussion 2477 (2010).
42. C. R. Marshall, E. C. Raff, R. A. Raff, Proc. Natl. Acad. Sci.

U.S.A. 91, 12283 (1994).
43. T. Kohlsdorf, V. J. Lynch, M. T. Rodrigues, M. C. Brandley,

G. P. Wagner, Evolution 64, 2466 (2010).
44. R. A. Zufall, M. D. Rausher, Nature 428, 847 (2004).
45. B. Igic, R. Lande, J. R. Kohn, Int. J. Plant Sci. 169,

93 (2008).
46. H. E. Hoekstra, J. A. Coyne, Evolution 61, 995 (2007).
47. R. L. Mueller, J. R. Macey, M. Jaekel, D. B. Wake,

J. L. Boore, Proc. Natl. Acad. Sci. U.S.A. 101, 13820 (2004).
48. G. Parra-Olea, D. B. Wake, Proc. Natl. Acad. Sci. U.S.A.

98, 7888 (2001).
49. M. H. Wake, J. Exp. Zool. 266, 394 (1993).
50. D. J. Gower, V. Giri, M. S. Dharne, Y. S. Shouche, J. Evol.

Biol. 21, 1220 (2008).
51. M. Wilkinson, R. A. Nussbaum, in Reproductive Biology

and Phylogeny of Gymnophiona, J.-M. Exbrayat, B. Jamieson,
Eds. (Science Publishers, Enfield, NJ, 2006), pp. 39–78.

52. E. S. Coen, E. M. Meyerowitz, Nature 353, 31 (1991).
53. G. Ditta, A. Pinyopich, P. Robles, S. Pelaz, M. F. Yanofsky,

Curr. Biol. 14, 1935 (2004).
54. Supported by the U.S. National Science Foundation

(EF 034939 to D.B.W. and M.H.W., IOS 0845641
and DEB 0816661 to C.D.S.) and the Hellman Faculty
Fund (C.D.S.). We thank R. Mueller, P. O’Grady, and
E. Rosenblum for comments; Y. Zeng, M. Koo,
and T. Renner for assistance with Figs. 1 (A and B),
2, and 3 (A to D), respectively; and many colleagues
and students for discussions of principles of
evolutionary biology.

10.1126/science.1188545

www.sciencemag.org SCIENCE VOL 331 25 FEBRUARY 2011 1035

REVIEW

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


DOI: 10.1126/science.1195380
, 1036 (2011);331 Science

, et al.Jikui Song
in Maintenance DNA Methylation
Structure of DNMT1-DNA Complex Reveals a Role for Autoinhibition

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): February 24, 2011 www.sciencemag.org (this infomation is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/331/6020/1036.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

 http://www.sciencemag.org/content/suppl/2010/12/13/science.1195380.DC1.html
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/331/6020/1036.full.html#ref-list-1
, 3 of which can be accessed free:cites 17 articlesThis article 

 http://www.sciencemag.org/content/331/6020/1036.full.html#related-urls
1 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/molec_biol
Molecular Biology

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2011 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/331/6020/1036.full.html
http://www.sciencemag.org/content/suppl/2010/12/13/science.1195380.DC1.html
http://www.sciencemag.org/content/331/6020/1036.full.html#ref-list-1
http://www.sciencemag.org/content/331/6020/1036.full.html#related-urls
http://www.sciencemag.org/cgi/collection/molec_biol
http://www.sciencemag.org/


Structure of DNMT1-DNA Complex
Reveals a Role for Autoinhibition in
Maintenance DNA Methylation
Jikui Song,1 Olga Rechkoblit,1 Timothy H. Bestor,2 Dinshaw J. Patel1*

Maintenance of genomic methylation patterns is mediated primarily by DNAmethyltransferase-1 (DNMT1).
We have solved structures of mouse and human DNMT1 composed of CXXC, tandem bromo-adjacent
homology (BAH1/2), and methyltransferase domains bound to DNA-containing unmethylated CpG sites.
The CXXC specifically binds to unmethylated CpG dinucleotide and positions the CXXC–BAH1 linker
between the DNA and the active site of DNMT1, preventing de novo methylation. In addition, a loop
projecting from BAH2 interacts with the target recognition domain (TRD) of the methyltransferase,
stabilizing the TRD in a retracted position and preventing it from inserting into the DNAmajor groove. Our
studies identify an autoinhibitory mechanism, in which unmethylated CpG dinucleotides are occluded
from the active site to ensure that only hemimethylated CpG dinucleotides undergo methylation.

Maintenance of genomicmethylation pat-
terns in mammals (1–3) is required for
monoallelic expression of imprinted

genes (4), for the transcriptional silencing of
retrotransposons (5, 6), and for X chromosome
inactivation in females (7). The eukaryotic main-

tenance DNA methyltransferase DNMT1 is a
multimodular protein composed of a replication
foci-targeting domain (RFD), a DNA-binding
CXXC domain, a pair of bromo-adjacent homol-
ogy (BAH) domains, and a C-terminal catalytic
domain (Fig. 1A). We solved the structures of

mouse DNMT1(650–1602) and human DNMT1
(646–1600) bound to duplex DNA–containing
unmethylated CG sites. Our structural studies re-
veal a role for autoinhibition in maintenance DNA
methylation, by which occlusion of unmethylated
CpG dinucleotides from de novo methylation
ensures that only hemimethylated CpG dinucleo-
tides gain access to the active site.

Structures of mouse and humanDNMT1-DNA
complexes. The crystal structure of an enzymat-
ically active mouse DNMT1 (mDNMT1; residues
650 to 1602) in complex with S-adenosyl homo-
cysteine (AdoHcy) and a 19-base pair (bp) DNA
duplex was solved at 3.0 Å resolution (table S1).
TheDNAcontained two unmethylatedCpG dinu-
cleotides separated by 8 bp. We can trace the
CXXCdomain (Fig. 1B, red), bothBAH1 (Fig. 1B,
light purple) and BAH2 (Fig. 1B, orange) domains,
and the C-terminal catalytic methyltransferase do-
main (Fig. 1B, light blue), aswell as all 19-bp of the
bound DNA (Fig. 1B, light brown) (Fig. 1B and

RESEARCHARTICLE

1Structural Biology Program, Memorial Sloan-Kettering Cancer
Center, New York, NY 10065, USA. 2Department of Genetics
and Development, College of Physicians and Surgeons, Co-
lumbia University, New York, NY 10032, USA.

*To whom correspondence should be addressed. E-mail:
pateld@mskcc.org

A

B

Fig. 1. Structural overview of mDNMT1(650–1602)–DNA 19-nucleotide
oligomer complex with bound AdoHcy. (A) Color-coded domain architecture
and numbering of mDNMT1 sequence. The thin vertical light blue bars in-
dicate binding positions of zinc ions. (B) Ribbon representation of the complex
in two orthogonal views. The CXXC, BAH1, BAH2, and methyltransferase

domain are colored in red, light purple, orange and light blue, and DNA and
zinc ions are colored in light brown and dark purple, respectively; CXXC-BAH1
linker in dark blue, BAH1-BAH2 linker in silver, (GK)n-containing BAH2-
methyltransferase linker in black, and bound AdoHcy as in space-filling
representation.
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fig. S1). The CXXC and BAH1 domains are at op-
posite ends of the methyltransferase domain and
are connected by a long linker segment (CXXC–
BAH1 linker) (Fig. 1B, blue, and fig. S2).TheBAH1
and BAH2 domains are separated by an a-helical
linker (Fig. 1B, silver), with both BAH domains
positioned on the surface remote from the bound
DNA. The (GK)n linker segment that connects
the BAH2 domain to the catalytic domain is dis-
ordered in the complex and is shown by a dashed
line in Fig. 1B. The catalytic domain forms the core
of the complex and contacts both BAH domains
and the DNA. Amolecule of AdoHcy (Fig. 1B) is
positioned in the active site of the catalytic domain.
We observed four Zn2+ cations (Fig. 1B, purple
balls) in the structure of the complex, two inCys4-
coordination within the CXXC domain, whereas
two others involve coordination of single Zn ions
in Cys3His-coordination in BAH1 and in the target
recognition domain (TRD) (8) of the methyltrans-
ferase. The bound 19-bp DNA adopts an almost
ideal B-form duplex in the complex (fig. S3). The

2.5 Å structure of mDNMT1(731–1602) lacking
the CXXC domain and the CXXC-BAH1 linker
in the free state (figs. S4 andS5 and table S1) is very
similar to the structure of the mDNMT1(650–
1602) DNA complex [Ca root mean square devia-
tion (RMSD) of 1.0 Å over 814 aligned residues]
and confirms the domain structure and relative ori-
entations ofBAH1,BAH2, and the catalytic domain.
No structure has yet been reported for DNMT1
constructs bound to hemimethylated DNA.

Mouse DNMT1 and human DNMT1
(hDNMT1) exhibit 85% sequence identity (fig.
S6). We have also solved the crystal structure of
hDNMT1(646–1600) bound to the same 19-bp
DNA and AdoHcy at 3.6 Å resolution (figs. S7 to
S9 and table S2). The structures of the mouse and
human proteins are very similar, with a Ca RMSD
of 1.1 Å over 877 aligned residues, which is sug-
gestive of a common mechanism of action. How-
ever, themethyltransferase domain is repositioned
relative to the CXXC domain and DNA by a 1-bp
translation along the DNA axis. Such differences

probably arise from the flexibility of the CXXC-
BAH1 linker and could also be due to the different
packing environment between the two complexes.

CXXC domain binds unmethylated CpG dinu-
cleotides. TheCXXCdomain ofmDNMT1adopts
a crescent-like fold similar to that adopted by the
MLL1 CXXC domain (9, 10). Two short helical
segments position eight Cys residues in two clus-
ters for coordination of a pair of embedded Zn2+

cations (fig. S10, A and B). All sequence-specific
contactswithDNAaremadevia theCXXCdomain
in the DNMT1-DNA complex. The CXXC do-
main targets both the major and minor grooves of
the DNA over a CpG-containing 4-bp footprint.
A loop segment (Arg684-Ser685-Lys686-Gln687) from
theCXXCdomain penetrates into themajor groove
(Fig. 2, A and B) and forms base-specific and
phosphodiester intermolecular interactions (Fig.
2C), which is reminiscent of the MLL1 CXXC
domain interaction with DNA (9, 10).

The guanine bases in the CpG dinucleotide
are recognized by side-chain interactions involv-
ing Lys686 and Gln687 of the CXXC domain (Fig.
2D), whereas the cytosine bases in the CpG di-
nucleotide are recognized by backbone interac-
tions involving Ser685 and Lys686 of the CXXC
domain (Fig. 2E). DNA recognition is further an-
chored by salt bridges between arginine side chains
of the CXXC domain and the phosphodiester back-
bone of the DNA [Fig. 2F and supporting online
material (SOM) text] (11). The CXXCdomain has
been reported to specifically bind unmethylated
CpGdinucleotides (9, 12–14). Our structural data
confirms this conclusion: Methylation of either
cytosine in the CpG step would create severe
steric clashes with peptide atoms (Fig. 2G).

Methyltransferase domain. The methyltrans-
ferase domain ofmDNMT1adopts a class Imethyl-
transferase fold (8) and folds into two subdomains,
designated the catalytic core and the TRD (fig.
S11A), which are separated by a large cleft that in
the M.HhaI-DNA complex is occupied by DNA.
The catalytic core of DNMT1 is dominated by a
mixed seven-stranded b-sheet that is flanked by
three a-helices on either side (Fig. 1A and fig.
S11B). At one end, this central b-sheet is further
joined by a two-stranded anti-parallel b-sheet from
the BAH1 domain (fig. S12C). The TRD subdo-
main is inserted between the central b-sheet and
the last three a-helices of the catalytic core. The
majority of the TRD folds into an independent
structural unit and is stabilized in part by aCys3His-
coordinated Zn2+ ion (figs. S10D and S11C). In
addition, a hairpin-like fold at the start of the
TRD forms hydrophobic contacts with the cata-
lytic core and the BAH1 domain (fig. S11D). We
observed intermolecular contacts between amino
acid side chains (primarily arginine) of the cata-
lytic core, and phosphate groups flanking the
(C4pG5)•(C5′pG4′) segment of the unmethylated
DNA duplex in the complex (Fig. 2C; fig. S13,
A to E; and SOM text).

Comparison of mDNMT1-DNA and M.HhaI-
DNA complexes.Wehave compared the structure
of the mDNMT1(650–1602)–DNA 19-nucleotide

Fig. 2. Intermolecular contacts between CXXC domain of mDNMT1(650–1602) and DNA 19-nucleotide
oligomer. (A) Ribbon representation of the CXXC domain bound to DNA. The CpG step is rendered in
yellow. (B) Surface electrostatic representation of the CXXC domain bound to DNA. (C) Schematic view of
intermolecular interactions involving the CXXC domain in the mDNMT1-DNA 19-nucleotide oligomer
complex (boxed red rectangle), with intermolecular contacts shown by red arrows. The residue labels are
colored according to their respective domains in Fig. 1. (D) Hydrogen-bonding interactions between side
chains from the CXXC domain and the guanine base edges of the CpG step in the DNA major groove. The
nitrogen, oxygen, and phosphorous atoms are shown in dark blue, red, and yellow, respectively. The bases
of the CpG dinucleotide from one strand are shaded. (E) Hydrogen-bonding interactions between
backbone carbonyl oxygens from the CXXC domain and cytosine amino groups of the CpG step in the DNA
major groove. (F) Hydrogen-bonding interactions between arginine side chains of the CXXC domain and
the phosphodiester backbone of the DNA along the DNA minor groove. (G) Potential steric clashes between
methylated cytosinemodeled on either strand of the CpG step and the CXXC domain of DNMT1 in the structure
of the complex. Van der Waals radii are rendered in red for DNMT1 and gray for modeledmethylated cytosine.
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oligomer complex (Fig. 3A, TRD and catalytic
core only) with the published structure (15) of the
M.Hha1-DNA complex (Fig. 3B). An overlay of
these two complexes is shown in stereo in Fig.
3C, after superposition of the catalytic cores of
their methyltransferase domains (Ca RMSD =
2.0 Å over 218 aligned residues). Five (I, VI, VIII,
IX, and X) out of six conserved sequence motifs
of mDNMT1 adopt conformations very similar to
those of their counterparts in M.HhaI (fig. S14, A
and C to F). Motif IV, which is part of the catalytic
loop and contains the catalytic Cys residue, in
contrast adopts different conformations in the
two complexes (fig. S14B).

With respect to the methyltransferase domains,
the bound DNAs in M.HhaI and mDNMT1

complexes align in the same orientation along
the DNA axis, but the unmethylated DNA (Fig.
3, light brown) in the mDNMT1 complex is dis-
placed laterally (by the width of a DNA duplex)
so that it is positioned further away from the
active site (Fig. 3, A and C). In the M.HhaI
complex, the DNA (Fig. 3, light purple) is em-
bedded within the cleft formed by the catalytic
core and the TRD domain, with the target cy-
tosine inserted into the active site (Fig. 3, B andC,
and fig. S15A). The DNA in the structure of the
mDNMT1 complex (Fig. 3, light brown) is an-
chored by the CXXC domain in a position that is
distant from the active site of DNMT1 (fig. S15B).
The exclusion of the unmethylated DNA from
the active site is the result of an autoinhibitory

CXXC-BAH1 linker, which contains a highly
acidic segment spanning residues D703 to D711
and is positioned directly between the DNA and
the active site (Fig. 3D; the CXXC domain
and the CXXC-BAH1 linker are presented in an
electrostatic surface representation) (16).

The mDNMT1 and M.HhaI TRD subdo-
mains have little sequence similarity (fig. S11A)
and exhibit the greatest structural divergence.
They both contain a common 8–amino acid DNA
recognition loop, whereas a second 8–amino acid
DNA recognition loop in M.HhaI is replaced by
a longer 73–amino acid loop in mDNMT1 (fig.
S16, A and B). In our structure of the mDNMT1-
DNA complex, the TRD subdomain is held in a
retracted position away from the DNA through

Fig. 3. Comparison of mDNMT1 with M.HhaI in their DNA-bound complexes.
(A) The crystal structure of the mDNMT1(650–1602)–DNA 19-nucleotide
oligomer complex. The CXXC, BAH1, and BAH2 domains and CXXC-BAH1 linker
of mDNMT1 have been removed for clarity. The bound DNA is in light brown,
with the TRD and catalytic core in light and dark blue, respectively. (B) The
crystal structure of the M.HhaI-DNA complex [PDB: 1MHT (8)]. The bound DNA
is in light purple, with the TRD and catalytic core in pale and dark green,
respectively. (C) Structural comparison of mDNMT1(650–1602)–DNA 19-
nucleotide oligomer complex and M.HhaI-DNA complex in a stereo view
looking down the DNA helix axis, after superposition of their methyltransferase

domains. AdoHcy is shown in space-filling view. The everted cytosine in the
M.HhaI complex is shown in ball-and-stick view in dark purple. (D) Electro-
static surface representation of mDNMT1 CXXC domain and the CXXC-BAH1
linker in the context of the structure of the mDNMT1(650–1602)–DNA 19-
nucleotide oligomer complex. The BAH2-TRD loop is highlighted with thicker
lines. (E) The proposed model for autoinhibitory mechanism in maintenance
DNA methylation. In the autoinhibitory state, the CXXC domain and the auto-
inhibitory linker (in red) occlude the active site. In addition, the BAH2-TRD
loop (in red) restrains the TRD in a retracted position so that it does not
interact with CpG sites on the DNA.
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interaction with the BAH2-TRD loop (Figs. 1B
and 3D and fig. S12, A and B).

BAH domains. The BAH1 and BAH2 do-
mains of mDNMT1 are connected by an a-helix
and are arranged in a dumbbell configuration
(Fig. 1B, right). Despite low sequence conserva-
tion (fig. S17A), both BAH domains adopt a
common fold (fig. S17, B to D) that is similar to
the Orc1p BAH domain (fig. S17E) (17, 18). In
addition, a Cys3His-coordinated Zn

2+ anchors the
BAH1 domain to the linker a-helix (fig. S10C).

Both BAH domains are physically associated
with the methyltransferase domain (Fig. 1B and
fig. S12). In theBAH2domain, a long loop (BAH2-
TRD loop) (Fig. 1B and figs. S12A and S18) projects
upward and is anchored near its tip to the TRD of
the methyltransferase domain (Fig. 3D and fig.
S12A). This interaction is predicted to prevent the
interaction of the TRDwith DNA (Fig. 1B and fig.
S12, A and B). BAH1 andBAH2 domains present
a large accessible surface area that is peripheral to
the catalytic domain (Fig. 1B) and could serve as
a platform for interactions with other proteins.

Enzymatic activities of wild-type, truncated,
and mutant DNMT1. We have used enzymatic
methylation assays on full-length, truncated, and
mutant DNMT1 (Fig. 4 and fig. S19) to test
predictions derived from the structural data. We
have used a 14-nucleotide oligomer DNA duplex
that contains a single CpG dinucleotide in the
hemimethylated or unmethylated state (Fig. 4B).

Enzymatic assays have been done on truncated
mDNMT1 (Fig. 4C), truncated hDNMT1, com-
mercially purchased full-length hDNMT1 (fig.
S19), and on both unmethylated and hemimethyl-
ated 14-nucleotide oligomer DNA substrates, with
the steady-stateMichaelis-Menten kinetic param-
eters listed in table S3.

We found that the initial rate kcat for un-
methylated and hemimethylated substrate was
0.25 T 0.04 and 18 T 2 hour–1, respectively, for
full-length (1–1616) hDNMT1 (fig. S19 and
table S3). The values for truncated (646–1600)
hDNMT1 were 0.18 T 0.02 and 12 T 1 hour–1.
These data confirm that the activities and pref-
erence for hemimethylated substrates were com-
parable for the full-length and truncated proteins.

Thecocrystal structureofmDNMT1-DNAcom-
plex showed that the CXXC domain and CXXC-
BAH1 linker occlude DNA from the active site.
We tested mDNMT1 proteins composed of amino
acids 717–1602 (CXXC domain and a segment of
the CXXC-BAH1 linker deleted) and found that
kcat on unmethylated substrates increased from
0.60 T 0.03 hour–1 for the 650–1602 protein to 3.3 T
0.2 hour–1 for 717–1602 (Fig. 4C, left, and table
S3). In contrast, there is a modest drop in kcat on
hemimethylated 14-nucleotide oligomer DNA on
proceeding from 650–1602 (kcat = 45 T 6 hour−1)
to 717–1602 (kcat = 36 T 3 hour

−1)mDNMT1 (Fig.
4C, right, and table S3). Thus, the relative prefer-
ence for hemimethylated over unmethylated 14-

nucleotide oligomer DNA drops sevenfold on pro-
ceeding from mDNMT1 construct 650–1602,
to 717–1602 (table S3).

In addition, residues that contact guanosine
bases within the CpG site were mutated to abol-
ish these contacts (mDNMT1 650–1602, K686A/
Q687A double mutant), which was confirmed by
gel shift assay (fig. S20). This mutant protein also
showed a related increase in kcat (2.1 T 0.2 hour

−1)
on unmethylated substrates and amodest decrease
in kcat (22 T 2 hour

−1) on hemimethylated subtrates
(Fig. 4C and table S3)—thus, the preference for
hemimethylated over unmethylated 14-nucelotide
oligomer DNA drops sixfold for mDNMT1(650–
1602) on proceeding fromwild-type to the CXXC-
containing dual mutant (table S3).

These data (a more detailed analysis of the
kinetic data are outlined in the SOM text) show
that either removal or mutagenesis of the CXXC
domain and CXXC-BAH1 linker increases the
catalytic activity of mDNMT1 specifically on un-
methylated substrates (Fig. 4, A andC), as predicted
from the structure of themDNMT1-DNA cocrys-
tal. There are additional mechanisms that increase
the fidelity of maintenance methylation: Removal/
mutation of the CXXC domain yields a six- to
sevenfold increase in the rate of de novo methyla-
tion, but the truncated protein still retains a pref-
erence for hemimethylated DNA (Fig. 4B).

Autoinhibition in maintenance DNA methyl-
ation. Our findings allow us to propose a mech-
anism for autoinhibitory regulation of DNMT1 at
unmethylated CpG sites on DNA: Unmethylated
DNA is excluded from the active site of mDNMT1
by the binding of the CXXC domain, whereas
the presence of the acidic autoinhibitory CXXC-
BAH1 linker positioned directly between the DNA
and the active site prevents entrance of DNA into
the catalytic pocket (Fig. 3D). Further, the BAH2-
TRD loop anchors the TRD (Fig. 3D) in a retracted
position (Fig. 3A) and prevents it from binding in
the DNA major groove.

Maintenance methylation is tightly coupled to
DNA replication (19).We propose that unmethyl-
ated CpG sites are protected from de novo meth-
ylation through binding by the CXXC domain as
CpG dinucleotides emerge from the replication
complex. This increases the efficiency of mainte-
nance methylation through inhibition of de novo
methylation.
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The Formation and Fragmentation of
Disks Around Primordial Protostars
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The very first stars to form in the universe heralded an end to the cosmic dark ages and introduced
new physical processes that shaped early cosmic evolution. Until now, it was thought that these
stars lived short, solitary lives, with only one extremely massive star, or possibly a very wide
binary system, forming in each dark-matter minihalo. Here we describe numerical simulations
that show that these stars were, to the contrary, often members of tight multiple systems. Our
results show that the disks that formed around the first young stars were unstable to gravitational
fragmentation, possibly producing small binary and higher-order systems that had separations
as small as the distance between Earth and the Sun.

The earliest stages of the formation of the
first stars in the universe, often termed
Population III (Pop III), have been well

studied (1–3), with current numerical simulations
evolving the collapsing gas from cosmological to
protostellar densities (4, 5). Much of the dynam-
ical evolution of the gas during this phase is
controlled by the formation of molecular hydro-
gen, the main coolant of the gas as it is dragged
into the collapsing dark-matter minihalos. The
amount of H2 formed sets the minimum gas
temperature in the minihalos at around 200 to
300 K, resulting in the first self-gravitating
baryonic cores—the initial conditions for primor-
dial star formation—having masses of around
1000 times that of the Sun (M⊙).

Until recently, it was assumed that each of
these cores formed just a single star, because no
fragmentation was seen in the simulations during
the formation of the first protostar. As a result,
attempts to estimate the final mass of the pri-

mordial stars have concentrated on balancing the
inward accretion of gas from the collapsing core
with the radiative feedback from the young proto-
star, with various calculations predicting a final
mass in the range of 30 to 300 M⊙ (1, 5–7).

It has been shown (8) that it is possible for the
collapsing baryons to break into two distinct
parts, each evolving independently to form its
own star, thereby limiting the mass reservoir
available for each component. The fragmentation
of the gas arises from the chaotic turbulent flows
that feed the inner regions of the star-forming
minihalos. Numerical simulations suggest that
this may occur in about one-fifth of all cases of
primordial star formation (8). However, this
figure is a lower limit, because the simulations
were unable to follow the evolution of the gas
beyond the formation of the initial protostar or
binary system. A different study that followed the
evolution of the gas at later times (9) has shown
that it settles into a disk with a radius of around
1000 astronomical units (AU), which is unstable
to gravitational fragmentation. However, the
limited mass resolution of this study, and the fact
that it did not include the effects of the radiative
feedback from the newborn stars, rendered its
results inconclusive.

Herewe present the results of a high-resolution
numerical simulation that captures the forma-
tion of the primordial protostar/disk system from
cosmological initial conditions down to scales as

small as 1.5 AU and that includes the effects of
the accretion luminosity heating as the disk
builds up around the young protostar. We started
by identifying the first dark-matter minihalo to con-
tain cooling, gravitationally collapsing gas from a
simulation of a representative cosmological volume
(10). We then re-zoomed the calculation using a
technique called “particle splitting” [used else-
where in studies of primordial star formation, such
as (5)], and we focused our attention only on the
collapsing gas at the center of the minihalo,
ignoring the larger-scale evolution of the mini-
halo and its surroundings [see (10) for details].

During this second stage of the simulation,
the gas collapsed to very high densities. Normal-
ly, numerical simulations of this kind stop once
the gas density exceeds around 1014 cm−3, be-
cause the computational cost of evolving the
entire system beyond this point becomes prohib-
itively expensive. However, in our simulations,
we replaced very high-density collapsing re-
gions with accreting “sink” particles (10), each of
which represents an individual protostar. We then
used the measured accretion rate onto the sink
particles to calculate the luminosity produced by
the mass as it fell onto the young protostar. This
energywas then deposited into the surrounding gas
under the assumption that the gas is optically thin,
thus providing a conservative overestimate of the
heating from the protostar [see (10) for details].

Before the formation of the first protostar, the
results of our simulation were very similar to those
presented elsewhere in the literature (1, 5, 8).
However, the use of sink particles allows us to
follow the evolution of the gas past the point at
which the first protostar forms and hence to
simulate the buildup of an accretion disk around
the protostar (Fig. 1).

After around 90 years, the disk had nearly
doubled in size. For the first 60 years, the struc-
ture of the diskwas dominated by a strong two-arm
spiral pattern, a feature common to simulations of
present-day star formation (11). Spiral structures
of this kind are a signature of self-gravitating
disks, in which gravitational torque provides the
main source of angular momentum transport.
Although the spiral pattern started out fairly
symmetric, it quickly developed nonaxisymmet-
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The very first stars to form in the universe heralded an end to the cosmic dark ages and introduced
new physical processes that shaped early cosmic evolution. Until now, it was thought that these
stars lived short, solitary lives, with only one extremely massive star, or possibly a very wide
binary system, forming in each dark-matter minihalo. Here we describe numerical simulations
that show that these stars were, to the contrary, often members of tight multiple systems. Our
results show that the disks that formed around the first young stars were unstable to gravitational
fragmentation, possibly producing small binary and higher-order systems that had separations
as small as the distance between Earth and the Sun.

The earliest stages of the formation of the
first stars in the universe, often termed
Population III (Pop III), have been well

studied (1–3), with current numerical simulations
evolving the collapsing gas from cosmological to
protostellar densities (4, 5). Much of the dynam-
ical evolution of the gas during this phase is
controlled by the formation of molecular hydro-
gen, the main coolant of the gas as it is dragged
into the collapsing dark-matter minihalos. The
amount of H2 formed sets the minimum gas
temperature in the minihalos at around 200 to
300 K, resulting in the first self-gravitating
baryonic cores—the initial conditions for primor-
dial star formation—having masses of around
1000 times that of the Sun (M⊙).

Until recently, it was assumed that each of
these cores formed just a single star, because no
fragmentation was seen in the simulations during
the formation of the first protostar. As a result,
attempts to estimate the final mass of the pri-

mordial stars have concentrated on balancing the
inward accretion of gas from the collapsing core
with the radiative feedback from the young proto-
star, with various calculations predicting a final
mass in the range of 30 to 300 M⊙ (1, 5–7).

It has been shown (8) that it is possible for the
collapsing baryons to break into two distinct
parts, each evolving independently to form its
own star, thereby limiting the mass reservoir
available for each component. The fragmentation
of the gas arises from the chaotic turbulent flows
that feed the inner regions of the star-forming
minihalos. Numerical simulations suggest that
this may occur in about one-fifth of all cases of
primordial star formation (8). However, this
figure is a lower limit, because the simulations
were unable to follow the evolution of the gas
beyond the formation of the initial protostar or
binary system. A different study that followed the
evolution of the gas at later times (9) has shown
that it settles into a disk with a radius of around
1000 astronomical units (AU), which is unstable
to gravitational fragmentation. However, the
limited mass resolution of this study, and the fact
that it did not include the effects of the radiative
feedback from the newborn stars, rendered its
results inconclusive.

Herewe present the results of a high-resolution
numerical simulation that captures the forma-
tion of the primordial protostar/disk system from
cosmological initial conditions down to scales as

small as 1.5 AU and that includes the effects of
the accretion luminosity heating as the disk
builds up around the young protostar. We started
by identifying the first dark-matter minihalo to con-
tain cooling, gravitationally collapsing gas from a
simulation of a representative cosmological volume
(10). We then re-zoomed the calculation using a
technique called “particle splitting” [used else-
where in studies of primordial star formation, such
as (5)], and we focused our attention only on the
collapsing gas at the center of the minihalo,
ignoring the larger-scale evolution of the mini-
halo and its surroundings [see (10) for details].

During this second stage of the simulation,
the gas collapsed to very high densities. Normal-
ly, numerical simulations of this kind stop once
the gas density exceeds around 1014 cm−3, be-
cause the computational cost of evolving the
entire system beyond this point becomes prohib-
itively expensive. However, in our simulations,
we replaced very high-density collapsing re-
gions with accreting “sink” particles (10), each of
which represents an individual protostar. We then
used the measured accretion rate onto the sink
particles to calculate the luminosity produced by
the mass as it fell onto the young protostar. This
energywas then deposited into the surrounding gas
under the assumption that the gas is optically thin,
thus providing a conservative overestimate of the
heating from the protostar [see (10) for details].

Before the formation of the first protostar, the
results of our simulation were very similar to those
presented elsewhere in the literature (1, 5, 8).
However, the use of sink particles allows us to
follow the evolution of the gas past the point at
which the first protostar forms and hence to
simulate the buildup of an accretion disk around
the protostar (Fig. 1).

After around 90 years, the disk had nearly
doubled in size. For the first 60 years, the struc-
ture of the diskwas dominated by a strong two-arm
spiral pattern, a feature common to simulations of
present-day star formation (11). Spiral structures
of this kind are a signature of self-gravitating
disks, in which gravitational torque provides the
main source of angular momentum transport.
Although the spiral pattern started out fairly
symmetric, it quickly developed nonaxisymmet-
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ric features. Eventually, the gas in one of the spiral
arms became locally unstable and started to
collapse, forming a second protostar at a distance
of roughly 20 AU from the primary. The mass of
the central protostar at this point was only 0.5M⊙.

The surface density remained roughly con-
stant as the disk grew, with the temperature behav-
ing in a similar fashion, and thus the ability of the
disk to transport angular momentum remained
the same as the disk grew. This can be seen by
considering the Toomre Q parameter (Fig. 2),
which provides a measure of the gravitational
instability of the disk. For high Q, the disk is
stable, whereas for values around 1, the disk is
formally unstable to fragmentation. As the disk
grew, the value of Q remained around 1 in the
outer regions, and so the dynamics of the disk
were dominated by gravitational instabilities.

Figure 3, which shows the accretion rate
through the disk and envelope as a function of the
radius from the central protostar, helps to explain
why the disk became so unstable. The accretion
rate through the diskwas considerably lower than
the rate at which material was added to the disk.
If one assumes a simple a-disk model (12), then
the disk accreted with an effective a between 0.1
and 1, which is typical for gravitational torques in
strongly self-gravitating disks (13). Although this
is an efficientmechanism for transporting angular
momentum, it was nevertheless unable to process
the material in the disk quickly enough before
more was added from the infalling envelope. As
a result, the disk grew in mass, became gravi-
tationally unstable, and ultimately fragmented.

For a region of the disk to form a new star, it
must be able to rid itself of the heat generated as it

Fig. 1. Density evolu-
tion in a 120-AU region
around the first proto-
star, showing the buildup
of the protostellar disk
and its eventual fragmen-
tation.We also see “wakes”
in the low-density regions,
produced by the previous
passage of the spiral arms.

Fig. 2. Radial profiles of the disk's physical properties, centered on the first protostellar core to form. The
quantities aremass-weighted and taken froma slice through themidplane of the disk. In the lower righthandplot,
we show the radial distribution of the disk's Toomre parameter,Q= csk/ pGS, where cs is the sound speed and
k is the epicyclic frequency. Beause our disk is Keplerian, we adopted the standard simplification and replaced
k with the orbital frequency. The molecular fraction is defined as the number density of hydrogen molecules
(nH2), divided by the number density of hydrogen nuclei (n), such that fully molecular gas has a value of 0.5.
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collapses, and further, it must do so before the
motions in the disk shear the region apart (14). In
the case of a primordial protostellar disk, this
cooling is provided by molecular hydrogen. At
typical disk number densities, around 1012 to
1014 cm−3, most of the cooling comes from H2

line emission. In the centers of the spiral arms, or
at number densities of around 1014 cm−3, cooling
by collision-induced emission (CIE) from H2

begins to dominate, and it is this process that
allowed the initial gravitational fragmentation to
take place in the spiral arms [see section 6 of
(10)]. At number densities of around 1016 cm−3,
the gas becomes optically thick to CIE and
begins to heat up further as it is compressed.
However, it turns out that primordial protostellar
accretion disks are unusual in that the dissocia-
tion of molecular hydrogen plays an important
role in regulating their temperature evolution. In
contrast to present-day star formation, primordial
protostellar disks are remarkably hot (Fig. 2).
Any further compression causes the hydrogen
molecules to dissociate, removing energy from
the system. This process acts like a thermostat,
keeping the temperature in the collapsing region
roughly constant while the collapse proceeds.
Thus, perhaps somewhat counterintuitively, it is
the relatively high temperature associated with
primordial star formation, coupled with a high
molecular fraction, that allows the protostellar
accretion disk to fragment.

Fragmentation does not stop with the forma-
tion of a second protostar. Only 4 years after the
initial fragmentation of the disk, the dense ridge
in a neighboring spiral arm also fragmented,
forming a third protostar. Fifteen years later, the
disk fragmented yet again, and the protostars
evolved into a chaotic multiple system. At the
stage of the evolution shown in Fig. 1, slightly
less than 1 M⊙ of gas had been converted into
protostars, and hence the system was still very

much in its infancy. Eventually, beyond the epoch
followed by our current calculation, the disk will
lose its ability to fragment once the heating from
the protostars becomes strong enough to disso-
ciate all of the H2, thereby removing the major
coolant (15). However, the system will continue
to accrete infalling gas from the collapsing
envelope until one of the protostars becomes
sufficiently hot to ionize the gas, which finally
terminates the accretion (7).

Are our results representative of primordial
star formation in general, or is the gas within our
halo special in some way? The properties of the
gas that assembled the disk in our simulation were
remarkably similar to those found in other simu-
lations of primordial star formation (10). Cru-
cially, the angular momentum of the inner 4 M⊙
(the combined mass of the disk and the protostar
at the point of fragmentation) was 1.4 × 10−3

km s−1 pc, comparable to the 1.2 × 10−3 km s−1 pc
reported elsewhere (1). Fragmentation of the kind
we have seen should therefore be a normal part of
the formation of primordial stars, suggesting that
the end point of the Pop III star formation process
is substantiallymore complicated than previously
thought. Idealized calculations have previously
found hints of suchwidespread binarity among the
first stars (16), but our work establishes this prop-
erty for realistic cosmological initial conditions,
coupled with the radiative feedback and the ex-
tremely high resolution needed to simulate proto-
stellar disk evolution.

Although our simulations do not show how
primordial disks evolve beyond the initial disk
fragmentation. present-day star formation calcu-
lations (11, 17, 18) predict that as fragmentation
proceeds in high-mass accretion disks, new proto-
stars form at increasingly larger radii. Because gas
can be accreted only when its angular momentum
matches that of the protostar, it is easier for the
new objects than for the preexisting ones to gain

fresh gas that moves inward through the accretion
disk, tending to drive the system toward equal
masses (19). If fragmenting Pop III systems
evolved in a similar fashion, then one plausible
outcome of primordial star formation would be
the formation of nearly equal-mass Pop III bina-
ries. Their potential existence would strengthen
the case for high-redshift gamma-ray bursts orig-
inating from the first stars (20). From present-day
star formation, we also know that young multiple
systems are dynamically unstable, over time lead-
ing to the dynamical ejection of protostars (21),
with the preferentially close, high-mass binary
systems remaining in the center. If Pop III stars
were dynamically ejected fromsuch systemsbefore
accreting very much gas, then there is the pos-
sibility that some of these stars may have had
masses low enough for them to have survived
until the present day.
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Fig. 3. Themass transfer rate through
the disk is denoted by the solid black
line, whereas the mass infall rate
through spherical shells with the spec-
ified radius is shown by the dark blue
dashed line. The latter represents the
total amount of material flowing
through a given radius and is thus
a measure of the material flowing
through and onto the disk at each
radius. Both are shown at the onset
of disk fragmentation. In the case of
the disk accretion, we have denoted
annuli that are moving toward the
protostar with blue dots and those
moving away in pink [further details
can be found in section 6 of (10)].
The light blue dashed lines show the
accretion rates expected from an a
(thin) disk model, where M(r) =
3pacs(r)S(r)H(r), with two global val-
ues of a and where cs(r), S(r), and
H(r) are (respectively) the sound speed,
surface density, and disk thickness at radius r.
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Suppression of Collisional Shifts
in a Strongly Interacting Lattice Clock
Matthew D. Swallows,1 Michael Bishof,1 Yige Lin,1,2 Sebastian Blatt,1

Michael J. Martin,1 Ana Maria Rey,1 Jun Ye1*

Optical lattice clocks with extremely stable frequency are possible when many atoms are
interrogated simultaneously, but this precision may come at the cost of systematic inaccuracy
resulting from atomic interactions. Density-dependent frequency shifts can occur even in a clock
that uses fermionic atoms if they are subject to inhomogeneous optical excitation. However,
sufficiently strong interactions can suppress collisional shifts in lattice sites containing more
than one atom. We demonstrated the effectiveness of this approach with a strontium lattice clock
by reducing both the collisional frequency shift and its uncertainty to the level of 10−17. This
result eliminates the compromise between precision and accuracy in a many-particle system;
both will continue to improve as the number of particles increases.

Strongly interacting quantum systems can
exhibit counterintuitive behaviors. For ex-
ample, frequency shifts of a microwave

transition in a quantum gas remain finite close to
a Feshbach resonance (1–3). In particular, the
effective interaction strength is enhanced in low-
dimensional systems, resulting in particles that
avoid each other so as to minimize their total
energy. This tendency can lead to behavior that in
many respects resembles that of noninteracting
systems.One such example is the Tonks-Girardeau
regime of an ultracold Bose gas, in which the
strong repulsion between particles mimics the Pauli
exclusion principle, causing the bosons to behave
like noninteracting fermions (4–7). Here we show
that the enhancement of atomic interactions in a
strongly interacting, effectively one-dimensional
(1D) fermionic system suppresses collisional fre-
quency shifts in an optical atomic clock.

A primary systematic effect of state-of-the-art
optical lattice clocks is the density-dependent
frequency shift (8, 9). This shift arises from col-
lisions between fermionic atoms that are subject
to slightly inhomogeneous optical excitations
(10, 11); several theories of the shift mechanism
have been proposed (12–14). By tightly con-
fining atoms in an array of quasi-1D potentials
formed by a 2D optical lattice, we increase the
strength of atomic interactions to the point where
the thermally averaged mean interaction energy
per particle becomes the largest relevant energy
scale other than the temperature, making the sys-
tem strongly interacting in effect. In this regime,
collisions are suppressed because evolution into a
many-particle state in which s-wave scattering
can occur is energetically unfavorable. This mech-
anism was first suggested in (13).

Collisional frequency shifts could also be
suppressed by confining atoms in a 3D lattice with
filling factor less than or equal to 1 per lattice site.
However, vector and tensor shifts of the optical

clock transition are a serious concern with a 3D
fermionic lattice clock (15). A 3D lattice clock
using bosonic 88Sr has been demonstrated (16),
and its collisional shift was characterized at the
level of 7 × 10−16, but the state-mixing techniques
that are used to enable the 1S0 →

3P0 clock tran-
sition in bosonic isotopes result in sizable sys-
tematic shifts of the clock frequency that must
be carefully controlled. The work presented here
will allow operation of a fermionic lattice clock
with a filling factor much greater than 1 and a
greatly reduced sensitivity to collisional effects.

To gain insight into the origin of the col-
lisional frequency shift and the interaction-
induced suppression, we consider amodel system:
two fermionic atoms, each of whose electronic de-
grees of freedom form a two-level, pseudospin-½
system (|g〉 and |e〉), confined in a 1D harmonic
oscillator potential [for a full many-body treat-
ment of an arbitrary number of atoms, see (17)].
The collective pseudospin states of these two
identical fermions can be expressed with a basis
comprising three pseudospin-symmetric trip-
let states and an antisymmetric singlet state
(12, 13). Because the atoms are initially pre-
pared in the same internal state ( |g〉), with their
internal degrees of freedom symmetric with
respect to exchange, the Pauli exclusion prin-
ciple requires that their spatial wave function
be antisymmetric and thus they experience no
s-wave interactions. If the atoms are coherent-
ly driven with the same Rabi frequency W ¼
ðWn1 þWn2 )/2 ¼ Wn1 , their electronic degrees
of freedom remain symmetric under exchange.
Here, ni represents axial vibrational modes in each
1D tube-shaped optical trap, and Wni is the
mode-dependent Rabi frequency, which is pro-
portional to the bare Rabi frequencyWB

0. Conse-
quently, these atomswill not experience any s-wave
interactions during the excitation of the clock
transition. However, if DW ¼ ðjWn1 − Wn2 jÞ=2
is not zero, the optical excitation inhomoge-
neity can transfer atoms with a certain proba-
bility to the antisymmetric spin state (singlet)
that is separated from the triplet states by an
interaction energy U, because in the singlet state
the atoms do interact. U, which is inversely pro-

portional to the atomic confinement volume,
gives rise to a frequency shift during clock inter-
rogation (12, 13).

Figure 1 contrasts the current 2D lattice ex-
periment with prior studies carried out in a 1D
lattice (10, 11). In a 1D lattice, U is typically
smaller than 2 W (the energy spread of the driven
triplet states at zero detuning). Consequently, any
small excitation inhomogeneity ∆Ω can efficient-
ly populate the singlet state. By tightly confining
atoms in a 2D lattice, one can reach the limit
where U >> W, inhibiting the evolution into the
singlet state; as a result, the collisional frequency
shift of the clock transition is suppressed. In this

1JILA, National Institute of Standards and Technology, and
Department of Physics, University of Colorado, Boulder, CO
80309, USA. 2National Institute of Metrology, Beijing 100013,
China.
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Fig. 1. A schematic of the interaction blockade
mechanism responsible for the suppression of
collisional frequency shifts. (A) In a 1D optical
lattice, the interaction energy of the singlet state
lies within the energies of the dressed triplet states
(characterized by an energy spread on the order of
W). A weak excitation inhomogeneity characterized
by ∆W is capable of producing triplet-singlet mix-
tures, causing a collisional frequency shift propor-
tional to the interaction strength U. (B) In a 2D
optical lattice, the interaction energy exceeds the
atom-light Rabi frequency, creating an energy gap
between the spin triplet and singlet states. Evo-
lution into the singlet state is inhibited, and the
collisional frequency shift is suppressed. (C) Quasi-
1D tube-like optical potentials formed by two
intersecting optical lattices. The laser that inter-
rogates the clock transition propagates along Y%,
the vertical axis.
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regime, the singlet state can only participate as a
“virtual” state in second-order excitation pro-
cesses and the frequency shift scales as ∆Ω2/U.
Such behavior is reminiscent of the dipolar block-
ade mechanism in a Rydberg atom gas (18). In
effect, the singlet resonance has been shifted so
far from the triplet resonances that it is complete-
ly resolved from them, and any associated line
pulling is negligible.

This simple spin model can be extended to
the finite temperature regime with a thermal aver-
age over vibrational modes ni. Figure 2 shows the
calculated fractional frequency shift as a function
of the temperature-independent interaction pa-
rameter u ¼ 4w⊥(a−eg/aho) [u is related to the ther-
mally averaged quantity U; see (17) for detailed
derivations]. Here,w⊥ ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

wXwY
p

is the geometric
mean of the transverse trapping frequencies, a−eg is
the singlet g-e scattering length, and aho is the
harmonic oscillator length along %Z. The suppres-
sion becomes less effective if WB

0 becomes com-
parable to u, or when DW→n increases at larger
temperatures. These considerations imply that clock
experiments based on Ramsey interrogation will not
easily satisfy the suppression conditions outlined
here, because the short pulses applied in the Ramsey
scheme generally have a Rabi frequency much
larger than those used in Rabi spectroscopy.

Our experiment uses ultracold fermionic 87Sr
atoms that are nuclear spin-polarized (17). We
determined the nuclear spin purity of the atomic
sample to be greater than 97%. An ultranarrow
optical clock transition, whose absolute frequen-
cy has been precisely measured (19), exists be-
tween the ground 1S0 (|g〉) and excitedmetastable
3P0 (|e〉) states. Atoms are trapped in a deep 2D
optical lattice at the magic wavelength where the
ac Stark shifts of |g〉 and |e〉 arematched (20). The
2D lattice provides strong confinement along
two directions (%X and %Y ) and relatively weak con-
finement along the remaining dimension ( %Z).
Using Doppler and sideband spectroscopy, we
determined that the lattice-confined atoms are
sufficiently cold (TX ≈ TY ≈ 2 mK) that they pri-
marily occupy the ground state of the potentials
along the tightly confined directions, with trap
frequencies wX/2p ≈ 75 to 100 kHz and wY /2p ≈
45 to 65 kHz. This creates a 2D array of isolated
tube-shaped potentials oriented along %Z, which
have trap frequencies wZ /2p ≈ 0.55 to 0.75 kHz.
We estimate that 20 to 30% of the populated
lattice sites are occupied by more than one atom.
At a typical axial temperature TZ of a few mK,
various axial vibrational modes n are populated
in each tube. In our clock experiment, the |g〉→ |e〉
transition is interrogated viaRabi spectroscopywith
the use of a narrow-linewidth laser propagating
along %Y . The clock laser and both lattice beams are
linearly polarized along %Z. As described in (10, 21),
any small projection of the probe beam along %Z
leads to a slightly different Rabi frequency Ωn for
each mode Wn(h2Z ), where hZ ¼ kZaho/

ffiffiffi

2
p

is the
Lamb-Dicke parameter and kZ represents a small
component of the probe laser wave vector along
%Z, resulting in a typical hZ ≈ 0.05.

Spectroscopy of the clock transition is per-
formed with an 80-ms pulse, resulting in a Fourier-
limited linewidth of ~10 Hz. The laser power is
adjusted to produce a p-pulse on resonance, and
the clock laser is locked to the atomic resonance
by probing two points on either side of the reso-
nance, with a frequency separation correspond-

ing to the resonance full width at half maximum.
The high-finesse Fabry-Perot cavity (22) used
to narrow the clock laser’s linewidth is suffi-
ciently stable over short time scales that it can
be used as a frequency reference in a differential
measurement scheme (23). A single experimental
cycle (e.g., cooling and trapping atoms, preparing

BA

Fig. 2. (A and B) Three-dimensional plot (A) and contour plot (B) of the calculated suppression of the
collisional frequency shift (expressed as a fraction of the transition frequency) with sufficiently large
atomic interactions. The criterion for suppression of the collisional shift is u >>W0

B. AsW0
B increases, a

larger u is required for clock shift suppression. Here the temperature along Z% was set to TZ = 6.5 mK.

Fig. 3. Experimental observation of the suppression of the collisional frequency shift with increasing
interaction energy u. We scale u ¼ 4w⊥(aeg

− /ahoÞ by a0/aeg− , where a0 is the Bohr radius. We varied three
important parameters: IX, TZ, andW0

B. To better compare the shift at different experimental conditions, we
rescale the experimental data by a factorDnT (wZ

fix, TZfix, u, W0
Bfix)/DnT (wZ

i , TZi , u, W0
Bi), withwZ

fix ¼ 2p� 0:7
kHz, TZfix ¼ 4:2 mK, andW0

Bfix ¼ W0
B. Values ofDnT (wZ

i , TZi, u, W0
Bi) are calculated using the spin model for

N= 2 with actual experimental parameters and an effective scattering length of jaeg− j ¼ (35 to 50)a0 (see
inset). The calculations are scaled by the fraction of the atomic population in doubly occupied lattice sites.
A theoretical curve of DnT (wZ

fix, TZfix, u, W0
Bfix) is shown with a solid red line at jaeg− j ¼ 40a0 . The inset

shows unscaled experimental data with TZ indicated for each point. The black and blue symbols were taken
at W0

B; the green symbols were taken at 2W0
B and half the interrogation time. Squares and triangles

distinguish between two sets of data points measured under different lattice configurations. The vertical
extent of the pink rectangles indicates the corresponding spin model predictions for the range of
jaeg− j ¼ (35 to 50)a0. The variation of wZ and u with IX was explicitly taken into account in the theoretical
calculation, which used hZ = 0.046 and wZ = 2p × 0.7 kHz at the point with the smallest collisional shift.
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the 2D lattice, and interrogating the clock tran-
sition) requires about 1.5 s, and we modulate the
sample density every two cycles. The corre-
sponding modulation of the atomic resonance
frequency relative to the cavity reference is a
measurement of the density shift.

We performed measurements at several trap
depths to directly observe the interaction-induced
suppression of the collisional frequency shift. To
access different interaction energies, we varied
the intensity of the horizontal lattice beam (IX),
which resulted in changed values mainly for wX

but also for wY and wZ. The change in wY arises
from the fact that the laser beams that create the
two lattices are not orthogonal but insteadmeet at
an angle of 71°. The change in wZ results from
the Gaussian profile of the beams. Because
u º

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

wXwYwZ
p

, an increase of the horizontal
beam power leads to a monotonic increase of u.
We observe a significant decrease of the colli-

sional shift with increasing horizontal lattice power,
as shown by the data points (solid black squares
and blue triangles) in Fig. 3 (inset); squares and
triangles indicate data taken with slightly different
beamwaists.We have also studied the dependence
of the collisional shift on the Rabi frequency used
to drive the clock transition.WB

0 was increased by
a factor of 2 and the interrogation time was de-
creased by a factor of 2, yielding a constant Rabi
pulse area. Under these conditions, we observed
that the collisional shift under similar temperature
and trapping conditions increases sharply (green
open square and green open triangle in Fig. 3,
inset), which confirms that the shift suppression
mechanism will not operate effectively for short,
higher Rabi-frequency pulses.

In (17), we accounted for the combined effects
of tunneling, energy offset between wells, and
interactions and estimated a fractional error due
to tunneling on the order of 1%. Also shown in

the inset of Fig. 3 is the shift predicted by the spin
model, assuming two atoms per lattice site. The
theoretical points are scaled by the fraction of
the atomic population in doubly occupied lattice
sites. The pink rectangles are the theory results,
DnT (wi

Z , T
i
Z , u,W

Bi
0 ) with i = 1,…, 9, obtained at

different temperatures, trapping frequencies, and
Rabi frequencies corresponding to the actual
experimental conditions under which the data
were taken. The spread of theory results (indi-
cated by the vertical extent of the pink rectangles)
corresponds to a range of effective scattering
lengths a−eg ¼ −(35 to 50)a0 (where a0 is the
Bohr radius). Here we neglect the variation of
trap depths across lattice sites (17) by assuming
that all sites are equivalent to those at the center;
the true magnitude of a−eg is therefore larger than
these effective values.

Because the temperature and trapping con-
ditions substantially varied for different experi-
mental data points, some scaling is required to
make direct comparisons between the data in Fig.
3 (inset) and the behavior predicted in Fig. 2. To
aid visualization of the experimental confirma-
tion of the interaction suppression mechanism,
we rescaled the experimentally measured shift
values by a factor DnT ðwfix

Z , T fix
Z , u,WBfix

0 Þ=DnT
ðwi

Z , T
i
Z, u,W

Bi
0 Þ, which is extracted from the the-

oretical model. Figure 3 shows that after rescaling,
all data points lie very close to the theoretical curve
of fractional frequency shift versus u at con-
stant wfix

Z ¼ 2p� 0:7 kHz, T fix
Z ¼ 3:5 mK, and

WBfix
0 ¼ WB

0 . The data confirm three important
features of the theoretical prediction: (i) The col-
lisional shift ∆n decreases with increasing u at sim-
ilar TZ and trapping conditions, (ii) ∆n increases
with increasing WB

0 at similar TZ and trapping
conditions, and (iii)∆n decreases with smaller TZ.
The sign of the observed shift is negative (i.e., an
increased sample density shifts the atomic reso-
nance to lower frequencies). Previous studies of
the collisional shift in a 1D optical lattice (8, 10)
are consistent with this observation. From the
present data set, we can unambiguously conclude
that a−eg is negative.

We have made an extensive series of colli-
sional shift measurements at the largest trap depths
available to us (Fig. 4). The free-running clock
laser has a stability of ~1.5 × 10−15 at time scales of
1 to 10 s (22). Therefore, a substantial integration
time is required to determine the collisional shift
with an uncertainty of 10−17. Frequency drifts are
minimized by measuring the long-term drift in
the resonance frequency (relative to the ultrastable
reference cavity) and applying a feedforward cor-
rection to the clock laser. The correlation between
the atomic resonance frequencies and the density
of trapped atoms was calculated by analyzing
overlapping sequences of four consecutive mea-
surements and eliminating frequency drifts of up
to second order (24). Approximately 60 hours of
data were acquired at TZ = 7 mK over a ~2-month
time period for the record shown in Fig. 4A. Each
data point represents a period during which the
clock was continuously locked, with error bars
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Fig. 4. (A to D) Data records of collision-induced frequency shift measurements for 87Sr atoms confined
in a 2D optical lattice. Each point represents a data set collected from a continuous operation of the Sr
clock, with error bars determined from the SE of that data set. The weighted mean and weighted error of
all the data are determined from the shift and error values of each data set, and the weighted error is
scaled by the square root of the reduced c2,

ffiffiffiffiffiffiffi

cred
2

p

. These are shown as the solid and dashed horizontal
lines in (A) and (C). Shown in (B) and (D) are the corresponding Allan deviations (ignoring dead time
between data runs) of the frequency shift records displayed in (A) and (C), respectively. Eachmeasurement
represents a differential comparison between two density conditions. Under typical clock operating
conditions (N ≈ 2000), the weighted means and SEs of the fractional frequency shift are 5.6 (T1.3) × 10−17

at TZ = 7 mK [(A) and (B)] and 0.5 (T1.7) × 10−17 at TZ = 3.5 mK [(C) and (D)]. For the 7-mK data, the
reduced c2 was

ffiffiffiffiffi

cred
2

p

¼ 0:84, and for the 3.5-mK data
ffiffiffiffiffi

cred
2

p

¼ 0:73.
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determined from the standard error of the mea-
surements in that data set (17). At an axial tem-
perature TZ ≈ 7 mK, the collisional shift in our
2D lattice clock was measured to be 5.6 (T1.3) ×
10−17 in fractional units, with

ffiffiffiffiffiffiffiffi

c2red
q

≈ 0.84. At a
lower TZ of 3.5 mK, the collisional shift is re-
duced to 0.5 (T1.7) × 10−17, with

ffiffiffiffiffiffiffiffi

c2red
q

≈ 0.73
(Fig. 4C). The corresponding Allan deviations
of both data sets are shown in Fig. 4, B and D.

Relative to previous measurements of colli-
sional shifts in a 1D optical lattice (8, 10), the
atomic density in our 2D lattice is an order of
magnitude higher. Hence, given a similar level of
excitation inhomogeneity, if the collisional shift
in a 2D lattice were not suppressed, we would
expect a larger shift than seen in earlier results,
even after accounting for the fact that only 20 to
30% of lattice sites are contributing.

The advance presented here removes an im-
portant obstacle to further increasing the precision
and accuracy of neutral atom–based optical clocks.
Increasing the number of atoms loaded into our 2D
lattice systemwill enable us to improve the stability
of our clock without imposing an onerous sys-
tematic effect. As clock lasers becomemore stable,
we will increase the duration of the Rabi inter-
rogation pulse, thus decreasing the Rabi frequency,

further reducing the collisional shift systematic
well into the 10−18 domain. This, together with
the fact that in the strongly interacting regime the
collisional shift will remain suppressed (25) as
more atoms are loaded into individual lattice
sites, should enable neutral atom clocks to operate
with the large sample sizes needed to achieve the
highest possible stability.
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Direct Measurement of Long-Range
Third-Order Coherence
in Bose-Einstein Condensates
S. S. Hodgman, R. G. Dall, A. G. Manning, K. G. H. Baldwin, A. G. Truscott*

A major advance in understanding the behavior of light was to describe the coherence of a light source by
using correlation functions that define the spatio-temporal relationship between pairs and larger groups
of photons. Correlations are also a fundamental property of matter. We performed simultaneous
measurement of the second- and third-order correlation functions for atoms. Atom bunching in the
arrival time for pairs and triplets of thermal atoms just above the Bose-Einstein condensation (BEC)
temperature was observed. At lower temperatures, we demonstrated conclusively the long-range
coherence of the BEC for correlation functions to third order, which supports the prediction that like
coherent light, a BEC possesses long-range coherence to all orders.

The interchangeability of particle and wave-
like behavior is fundamental to the quantum-
mechanical description of light, but not until

the seminal work of Glauber (1) was quantum
theory used to provide a description of the co-
herence properties of photon statistics that moves
beyond classical theory. That work distinguishes
between the classical, first-order coherence of the
light intensity and the quantum coherence be-
tween nmultiple photons (nth-order correlations);
a perfectly coherent source exhibits coherence to
all orders. For example, measurement of the ar-

rival time of individual photons at a detector en-
ables the correlation between pairs (second-order),
triplets (third-order), and higher-order groups of
photons to be determined. An incoherent source
of light will exhibit bosonic photon bunching—
that is, an enhanced probability of pairs of pho-
tons arriving within an interval that defines the
coherence time of the source. Such second-order
correlations were first demonstrated in the famous
Hanbury Brown and Twiss (HBT) experiment
(2), a technique that was later applied in astron-
omy in the spatial domain to determine the angu-
lar size of stars (3). Conversely, a highly coherent
light source such as a laserwill exhibit no bunching,
with a uniform arrival-time probability for pairs,
triplets, and larger groupings of photons; this indi-
cates long-range coherence to all orders in the
corresponding (unity-value) correlation functions.

The same concepts can be applied to the
quantum statistics of matter, with correlations
demonstrated in systems ranging from nuclear
collisions (4) to free electrons (5) to neutrons (6).
In atomic physics, correlations can potentially be
probed by using spin polarization spectroscopy
(7, 8), spin-squeezing entanglement (9, 10), and
interactions between atoms in single-occupancy
optical lattices (11). Specifically, incoherent sources
of bosonic atoms have also been shown to ex-
hibit HBT-like (second-order) bunching be-
havior (12, 13), whereas incoherent fermionic
sources exhibit anti-bunching (a reduced prob-
ability of particles being found close together)
(14, 15) as a consequence of the Pauli exclusion
principle. However, correlations higher than sec-
ond order are often difficult to measure because
the vast amounts of data require extensive data
analysis resources. Correlations up to third order
have been measured for exciton-polaritons (16)
and to fourth order for photons (17).

First-order (18) and second-order correlations
(12–15, 19–22) have been measured for atomic
matter waves, and the effect of second- and third-
order correlations on two-body (23) and three-
body (24, 25) loss rates has been demonstrated.
In order to prove that an atomic ensemble is
completely quantum coherent, it is necessary to
demonstrate coherence in the third (and sub-
sequent) orders (1). Measurements of third- and
higher-order correlations are also important in
order to understand whether the interactions
between atoms (not present for photons) affect
the coherence of matter-wave sources, such as
Bose-Einstein condensates (BECs). Intrinsically,
higher-order (n body) correlation functions are a
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determined from the standard error of the mea-
surements in that data set (17). At an axial tem-
perature TZ ≈ 7 mK, the collisional shift in our
2D lattice clock was measured to be 5.6 (T1.3) ×
10−17 in fractional units, with

ffiffiffiffiffiffiffiffi

c2red
q

≈ 0.84. At a
lower TZ of 3.5 mK, the collisional shift is re-
duced to 0.5 (T1.7) × 10−17, with

ffiffiffiffiffiffiffiffi

c2red
q

≈ 0.73
(Fig. 4C). The corresponding Allan deviations
of both data sets are shown in Fig. 4, B and D.

Relative to previous measurements of colli-
sional shifts in a 1D optical lattice (8, 10), the
atomic density in our 2D lattice is an order of
magnitude higher. Hence, given a similar level of
excitation inhomogeneity, if the collisional shift
in a 2D lattice were not suppressed, we would
expect a larger shift than seen in earlier results,
even after accounting for the fact that only 20 to
30% of lattice sites are contributing.

The advance presented here removes an im-
portant obstacle to further increasing the precision
and accuracy of neutral atom–based optical clocks.
Increasing the number of atoms loaded into our 2D
lattice systemwill enable us to improve the stability
of our clock without imposing an onerous sys-
tematic effect. As clock lasers becomemore stable,
we will increase the duration of the Rabi inter-
rogation pulse, thus decreasing the Rabi frequency,

further reducing the collisional shift systematic
well into the 10−18 domain. This, together with
the fact that in the strongly interacting regime the
collisional shift will remain suppressed (25) as
more atoms are loaded into individual lattice
sites, should enable neutral atom clocks to operate
with the large sample sizes needed to achieve the
highest possible stability.
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Direct Measurement of Long-Range
Third-Order Coherence
in Bose-Einstein Condensates
S. S. Hodgman, R. G. Dall, A. G. Manning, K. G. H. Baldwin, A. G. Truscott*

A major advance in understanding the behavior of light was to describe the coherence of a light source by
using correlation functions that define the spatio-temporal relationship between pairs and larger groups
of photons. Correlations are also a fundamental property of matter. We performed simultaneous
measurement of the second- and third-order correlation functions for atoms. Atom bunching in the
arrival time for pairs and triplets of thermal atoms just above the Bose-Einstein condensation (BEC)
temperature was observed. At lower temperatures, we demonstrated conclusively the long-range
coherence of the BEC for correlation functions to third order, which supports the prediction that like
coherent light, a BEC possesses long-range coherence to all orders.

The interchangeability of particle and wave-
like behavior is fundamental to the quantum-
mechanical description of light, but not until

the seminal work of Glauber (1) was quantum
theory used to provide a description of the co-
herence properties of photon statistics that moves
beyond classical theory. That work distinguishes
between the classical, first-order coherence of the
light intensity and the quantum coherence be-
tween nmultiple photons (nth-order correlations);
a perfectly coherent source exhibits coherence to
all orders. For example, measurement of the ar-

rival time of individual photons at a detector en-
ables the correlation between pairs (second-order),
triplets (third-order), and higher-order groups of
photons to be determined. An incoherent source
of light will exhibit bosonic photon bunching—
that is, an enhanced probability of pairs of pho-
tons arriving within an interval that defines the
coherence time of the source. Such second-order
correlations were first demonstrated in the famous
Hanbury Brown and Twiss (HBT) experiment
(2), a technique that was later applied in astron-
omy in the spatial domain to determine the angu-
lar size of stars (3). Conversely, a highly coherent
light source such as a laserwill exhibit no bunching,
with a uniform arrival-time probability for pairs,
triplets, and larger groupings of photons; this indi-
cates long-range coherence to all orders in the
corresponding (unity-value) correlation functions.

The same concepts can be applied to the
quantum statistics of matter, with correlations
demonstrated in systems ranging from nuclear
collisions (4) to free electrons (5) to neutrons (6).
In atomic physics, correlations can potentially be
probed by using spin polarization spectroscopy
(7, 8), spin-squeezing entanglement (9, 10), and
interactions between atoms in single-occupancy
optical lattices (11). Specifically, incoherent sources
of bosonic atoms have also been shown to ex-
hibit HBT-like (second-order) bunching be-
havior (12, 13), whereas incoherent fermionic
sources exhibit anti-bunching (a reduced prob-
ability of particles being found close together)
(14, 15) as a consequence of the Pauli exclusion
principle. However, correlations higher than sec-
ond order are often difficult to measure because
the vast amounts of data require extensive data
analysis resources. Correlations up to third order
have been measured for exciton-polaritons (16)
and to fourth order for photons (17).

First-order (18) and second-order correlations
(12–15, 19–22) have been measured for atomic
matter waves, and the effect of second- and third-
order correlations on two-body (23) and three-
body (24, 25) loss rates has been demonstrated.
In order to prove that an atomic ensemble is
completely quantum coherent, it is necessary to
demonstrate coherence in the third (and sub-
sequent) orders (1). Measurements of third- and
higher-order correlations are also important in
order to understand whether the interactions
between atoms (not present for photons) affect
the coherence of matter-wave sources, such as
Bose-Einstein condensates (BECs). Intrinsically,
higher-order (n body) correlation functions are a
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more sensitive test of coherence because in an
idealized system, for zero delay between arrival
times the ratio of incoherent to coherent behavior
scales as n factorial (n!) (1). Like the laser, a BEC
is thought to exhibit a constant (unity) correlation
function to all orders because it is described
theoretically by a single macroscopic wave func-
tion that is characterized by long-range coherence.

We have achieved simultaneous second- and
third-order correlation measurements through a
combination of two key experimental factors: the
single-atom detection properties of metastable
helium atoms He* [the metastable 23S1 state has
a lifetime of ~8000 s (26) and contains ~20 eVof
internal energy, enabling high detection efficien-
cies (27)] and a newmethod for collecting a large

data set of correlation statistics from the atomic
ensemble (28).

The principle of the experiment is shown in
Fig. 1. An atomic cloud incident on the detector
has both the position and arrival time recorded
for each individual atom. The correlation func-
tion can then be determined for atom pairs (second
order) and triplets (third order, shown enlarged) by
measuring the delay time t between atoms arriving
within each analysis region.

An ensemble of ~106 He* atoms (either a
thermal cloud or atoms that have been cooled
below the BEC critical temperature) are output-
coupled from a bi-planar quadrupole Ioffe con-
figuration (BiQUIC) (29) magnetic trap by using
radio-frequency (RF) radiation to flip the spins
of the atoms from the trappedmJ = 1 state to the
field-insensitive mJ = 0 state, where mF is the
magnetic quantun number. The atoms then fall
848mmunder gravity for 416ms onto an 80-mm-
diameter microchannel plate detector (MCP),
which measures their arrival time. The He* ~20 eV
internal energy releases electrons that are am-
plified by a voltage across theMCP to create an
electron pulse on a separate delay line detector,
which measures the spatial position in the hori-
zontal plane.

In order to build a large statistical sample
while not saturating the detector, a sequence of
30 RF pulses (each of 5 ms duration separated by

Fig. 1. Experimental setup: An ensemble of He* atoms (red spheres) falls under gravity onto the MCP
detector creating a series of detection events (yellow) separated in space and time. The middle inset (blue
box) shows the arrival of the atomic ensemble in more detail, whereas the right-hand inset (green
cylinder) shows the arrival of a triplet of atoms within our analysis region. The third-order correlation
function characterizes the arrival time differences t1 and t2 between the three atoms.

Fig. 2. Normalized third-order correlation functions g(3)(0, t1, t2) for (A) ensembles of thermal atoms and (B) the BEC.

Fig. 3. Sections of nor-
malized third-order cor-
relation functions. (A)
Diagonal section (t1 =
t2) of g

(3)(0, t1, t2) for
both thermal atoms (red
circles) and the BEC (blue
squares). (B) Second-
order correlation function
g(2)(0, t) [g(3)(0, t1, t2)
averaged over t1 and
t2 > 200 ms] for both
thermal atoms (red cir-
cles) and the BEC (blue
squares). The dashed
red and solid blue lines are two-dimensional Gaussian surface fits to the thermal and BEC data in Fig. 2, respectively.
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29 ms) were used to spin-flip ~2 to 3% of the
atoms per pulse into the untrapped state, allowing
them to fall onto the detector. The atoms re-
maining at the end of the sequence are released
by switching off the trap (28). The amplitude of
the RF power is ramped over time so as to keep
the detector flux approximately constant. In order
to uniformly sample over the entire cloud, the RF
pulse width was chosen so that the radiation has a
Fourier-broadened frequency width much greater
than both the kinetic energy spread of the thermal
cloud (~30 kHz) and the chemical potential of the
atomic interactions in the BEC (~8 kHz).

The unnormalized third-order correlation
function G(3)(0, t1, t2) (with the first particle set-
ting the time origin at t = 0) was then determined
from the number of coincidence events with rel-
ative arrival times t1 and t2 (Fig. 1). For each
detection event measured on the MCP, the dif-
ference in arrival times t1 of all particles within
700 mm were recorded. Each of these pairs was
then checked to determine whether a third par-
ticle arrived within the same radius, in which
case the time difference t2 between particles
two and three was also recorded.

The normalized temporal correlation function
g(3)(0, t1, t2) was then obtained by dividing by
the local particle densities. This was achieved by
averaging the individual particle number over the
analysis region in the x-y plane and identifying
that t is related to z by the impact velocity of the
falling particle. This yields the time-of-flight cor-
relation function

gð3Þð0,t1,t2Þ ¼ Gð3Þð0,t1,t2Þ
rð0Þrðt1Þrðt2Þ ð1Þ

where r(t) is the density at time t after the first
particle is measured. In the idealized case of un-
limited detector resolution, for thermal atoms
this yields an asymptotic value of 1 at very large
delay times t, with a peak value of g(3)(0, 0, 0) =
3! (that is, 6) at zero delay times; the width of the
peak defines the correlation time for the atomic
ensemble. In contrast, a pure BEC is predicted to
have a uniform g(3)(0, t1, t2) = 1 because of its
long-range, higher-order coherence.

In Fig. 2A, we plot the measured third-order
correlation function for thermal atoms just above
the BEC transition temperature (Tc ~ 1.0 mK)
and contrast it with the data for the almost pure
condensate well below Tc (Fig. 2B). Because of
the finite detector resolution and our binning
method, g(3)(0, 0, 0) for thermal atoms is greatly
reduced from the idealized case [supporting on-

line material (SOM) text]. Because large amounts
of data are necessary for correlation measure-
ments, the thermal atom data [T = 1.3(2) mK]
was taken from 24,600 individual experimental
cycles, whereas the BEC data (of higher density,
yielding more triplet coincidence events) was
taken from 3700 cycles. The experimental data
represents the result of ~250 hours of full-time
data acquisition, but the limiting factor on the
amount of data taken was the time required to
process the second- and third-order correlations,
which took longer than the experiments.

Figure 3A shows the cross-section of the
g(3)(0, t1, t2) data for t1 = t1, which highlights the
atom-bunching peak in the third-order correlation
function. The maximum value measured for the
thermal atoms was 1.061(6) at g(3)(0, 0, 0). This
is to be compared with the mean value measured
for the BEC in Fig. 2B of 1.000(1); within the
0.1% statistical variation in the correlation mea-
surements, the BEC is coherent for the third order
in the correlation function.

The second-order correlation function g(2)(0, t)
can be derived from g(3)(0, t1, t2) by averaging
the data for values of t1 or t2 much larger than the
coherence time tc ~ 90(10) ms because in the limit
of t1, t2 >> tc, g

(3)(0, t1, t2) approaches g
(2)(0, t).

A maximum atom-bunching enhancement of
g(2)(0, 0) = 1.022(2) is achieved for the thermal
atoms (Fig. 3B). The BEC correlation value (also
shown) is unity within the experimental statistical
variation, indicating long-range coherence of the
condensate for the second-order correlation func-
tion as well. This is in linewith the prediction that
coherence in a high-order correlation function
requires coherence for all lower orders (1).

In order to quantitatively account for our
results, we have applied a theoretical approach
similar to that of (30) [based on the work in (31)].
These theoretical studies assume an ideal gas
model, which is applicable in our experiments
because the particle spacing covers a large range
of distances (>100 mm), all of which are much
greater than the interparticle scattering length
[7.512(5) nm (32)].

This distinguishes the present g(3)(0, t1, t2)
measurements from the measurement of three-
body loss rates (24, 25), which by definition probe
a limited range of distances at small interparticle
separations that are strongly influenced by the
details of the interatomic potential (31, 33). In
that regime, the factorial relationship breaks
down as interactions dominate the behavior of
the correlation functions. In-trap correlation mea-

surements [for example, using single-occupancy
optical lattices (11)] even need to consider mod-
ification of the correlation function at inter-
particle separations of hundreds of nanometers
(31). Another feature of in-trap measurements
is that they are dominated by local coherence
effects rather than measuring the long-range co-
herence, as demonstrated very recently for a one-
dimensional quasicondensate (22).

We have circumvented this issue by releas-
ing atoms from the trap and measuring the cor-
relation function at large interparticle separations
after time-of-flight expansion, enabling a com-
plete determination of g(3)(0, t1, t2) over a wide
region of phase space, unaffected by short-range
interparticle interactions.

Our model takes into account the known de-
tector spatial and temporal resolution (~150 mm
and ~2 ns, respectively), the bin size (700 mm),
the local charge depletion around the 30-mm-
diameter MCP pores, and the electronic dead
time (~100 ns). The model contains no free pa-
rameters and is in excellent agreement with
experiment within the combined uncertainties
(Table 1). It reproduces both the measured am-
plitude and width of g(2)(0, t) and g(3)(0, t1, t2)
as well as the dramatic reduction in bunching
signal resulting from the finite resolution.

A key result of the simultaneous measurement
of g(2)(0, t) and g(3)(0, t1, t2) is that it enables
a direct determination of the relative behavior
of the second- and third-order correlation func-
tions. As indicated by the factorial relationship
between the peak theoretical bunching values
for g(2)(0, 0) and g(3)(0, 0, 0), this relative behavior
is a more sensitive probe of the quantum statis-
tical differences between thermal and condensate
atoms than the absolute enhancement of the
second-order bunching peak. The measured ratio
of the bunching enhancements (g(3)(0, 0, 0) – 1)/
(g(2)(0, 0) – 1) is 2.8(3), compared with the mea-
sured absolute enhancement values for g(2)(0, 0)
and g(3)(0, 0, 0) of a few percent. This ratio is
in excellent agreement with the model value
of 3.0(3), which is relatively insensitive to the
range of experimental parameters used.

These measurements provide strong confir-
mation of the quantum theory of boson statistics
first developed in (1), as well as the prediction that
a BEC possesses long-range coherence of matter
waves to all orders in the correlation functions, in
direct analogy with the long-range coherence of
laser light.
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Synthesis, Structure, and Reactivity
of an Iron(V) Nitride
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Despite being implicated as important intermediates, iron(V) compounds have proven very
challenging to isolate and characterize. Here, we report the preparation of the iron(V) nitrido complex,
[PhB( tBuIm)3Fe

V≡N]BArF24 (PhB(tBuIm)3– = phenyltris(3-tert-butylimidazol-2-ylidene)borato,
BArF24 = B(3,5-(CF3)2C6H3)4

–), by one electron oxidation of the iron(IV) nitrido precursor. Single-crystal
x-ray diffraction of the iron(V) complex reveals a four-coordinate metal ion with a terminal nitrido
ligand. Mößbauer and electron paramagnetic resonance spectroscopic characterization, supported by
electronic structure calculations, provide evidence for a d3 iron(V) metal center in a low spin (S = 1/2)
electron configuration. Low-temperature reaction of the iron(V) nitrido complex with water under
reducing conditions leads to high yields of ammonia with concomitant formation of an iron(II) species.

High-valent iron species are proposed
as active intermediates in the cycles of
many important biocatalysts. Iron(IV) is

the most readily accessible high oxidation state,
although iron(V) has also been proposed as a key
intermediate in some nonheme dioxygenases (1).
Structural and spectroscopic precedent for these
intermediates has often come from studies of
well-defined model complexes. For example, the
iron(IV) oxomoiety, which has long been known
to be at the catalytic centers of oxygenases (2),
was first crystallographically characterized in
an octahedral iron complex of an N-methylated
1,4,8,11-tetraazacyclotetradecane (cyclam) mac-
rocycle (3). Similar cyclam derivatives have also
allowed for the preparation and detailed spectro-
scopic characterization of octahedral Fe(V) (4)
and Fe(VI) (5) nitrido complexes, but the struc-
tural characterization and reactivity of these fleet-
ing intermediates, which are usually studied at low
temperatures in frozen matrices, remain elusive.

Iron nitrides have also been proposed to be
key intermediates in the industrial (Haber-Bosch)
(6) and biological (nitrogenase) (7, 8) synthesis
of ammonia.Whereas iron-bound “surface nitride”

species are observed on the catalyst surface in the
Haber-Bosch process (9), recent x-ray diffraction
studies on nitrogenase suggest an interstitial atom
in the center of the iron-sulfur cluster of the FeMo
cofactor (10). Although it is tempting to suggest a
nitride anion at the site of biological nitrogen re-
duction, the nature of this atom is controversial
and still under debate (11, 12). Accordingly, the
synthesis and characterization of model com-
plexes is critical to delineating the reactivity of
iron nitrides and their possible role in ammonia
synthesis. In addition to the molecular and elec-
tronic structural insight provided by complexes
that stabilize the [Fe≡N] unit, their reactivity will
also affect our understanding of both biological
and industrial NH3 syntheses.

Thermally stable, four-coordinate iron(IV)
nitrido complexes were first prepared with trip-
odal tris(phosphino)borate supporting ligands,
although these compounds could not be iso-
lated in the solid state (13). Using ligands that
are structurally and electronically related to

tris(phosphino)borates, we have recently reported
the molecular and electronic structures, as well as
preliminary reactivity, of low-coordinate Fe(IV)
complexes that contain the [Fe≡N] functionality
(14, 15). We now report the synthesis of a four-
coordinate iron(V) nitrido complex supported
by a tripodal N-heterocyclic carbene (NHC)
ligand. The complex has been characterized by
single-crystal x-ray diffraction (XRD),Mößbauer,
and electron paramagnetic resonance (EPR) spec-
troscopies as well as density functional theory
(DFT) calculations. The enhanced reactivity of
this complex is evident from a low-temperature
hydrolysis reaction, which gives small amounts
of ammonia, in contrast to the related iron(IV)
nitrido complex, which is unreactive to water. Sub-
stantially higher yields of ammonia are obtained
when the hydrolysis is conducted under reducing
conditions, where water and the reductant pro-
vide three hydrogen atom equivalents. This reac-
tion is reminiscent of the chemistry of nitrogenase,
in which water is the ultimate source of protons
in the synthesis of ammonia.

Some of us recently reported the synthesis and
structure of the four-coordinate nitrido complex
[PhB( tBuIm)3Fe

IV≡N] (1), where PhB( tBuIm)3
–

is the phenyltris(3-tert-butylimidazol-2-ylidene)
borato ligand (15). The Mößbauer spectrum of
1 (fig. S1) confirms the oxidation state assign-
ment, with a negative isomer shift (d = –0.28(1)
mm s–1) and large quadrupole splitting (|DEQ| =
6.23(1) mm s–1) similar to other iron(IV) nitrido
complexes. At slow scan rates, the cyclic voltam-
mogram of complex 1 (fig. S3) features a quasi-
reversible oxidative wave that becomes fully
reversible when the scan rate is increased (E1/2 =
–0.53 V versus the ferrocene/ferrocenium couple
in tetrahydrofuran solvent with 0.4 M tetrabutyl-
ammonium hexafluorophosphate electrolyte). The
reversibility of the FeV/FeIV redox couple at faster

1Department of Chemistry and Biochemistry, MSC 3C, New
Mexico State University, Las Cruces, NM 88003, USA. 2De-
partment of Chemistry and Pharmacy, Friedrich-Alexander-
University Erlangen-Nuremberg, Egerlandstrasse 1, 91058
Erlangen, Germany.

*To whom correspondence should be addressed. E-mail:
KMeyer@chemie.uni-erlangen.de (K.M.); jesmith@nmsu.edu
( J.M.S.) Scheme 1. Formation of Fe(V) nitride 2.
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Despite being implicated as important intermediates, iron(V) compounds have proven very
challenging to isolate and characterize. Here, we report the preparation of the iron(V) nitrido complex,
[PhB( tBuIm)3Fe

V≡N]BArF24 (PhB(tBuIm)3– = phenyltris(3-tert-butylimidazol-2-ylidene)borato,
BArF24 = B(3,5-(CF3)2C6H3)4

–), by one electron oxidation of the iron(IV) nitrido precursor. Single-crystal
x-ray diffraction of the iron(V) complex reveals a four-coordinate metal ion with a terminal nitrido
ligand. Mößbauer and electron paramagnetic resonance spectroscopic characterization, supported by
electronic structure calculations, provide evidence for a d3 iron(V) metal center in a low spin (S = 1/2)
electron configuration. Low-temperature reaction of the iron(V) nitrido complex with water under
reducing conditions leads to high yields of ammonia with concomitant formation of an iron(II) species.

High-valent iron species are proposed
as active intermediates in the cycles of
many important biocatalysts. Iron(IV) is

the most readily accessible high oxidation state,
although iron(V) has also been proposed as a key
intermediate in some nonheme dioxygenases (1).
Structural and spectroscopic precedent for these
intermediates has often come from studies of
well-defined model complexes. For example, the
iron(IV) oxomoiety, which has long been known
to be at the catalytic centers of oxygenases (2),
was first crystallographically characterized in
an octahedral iron complex of an N-methylated
1,4,8,11-tetraazacyclotetradecane (cyclam) mac-
rocycle (3). Similar cyclam derivatives have also
allowed for the preparation and detailed spectro-
scopic characterization of octahedral Fe(V) (4)
and Fe(VI) (5) nitrido complexes, but the struc-
tural characterization and reactivity of these fleet-
ing intermediates, which are usually studied at low
temperatures in frozen matrices, remain elusive.

Iron nitrides have also been proposed to be
key intermediates in the industrial (Haber-Bosch)
(6) and biological (nitrogenase) (7, 8) synthesis
of ammonia.Whereas iron-bound “surface nitride”

species are observed on the catalyst surface in the
Haber-Bosch process (9), recent x-ray diffraction
studies on nitrogenase suggest an interstitial atom
in the center of the iron-sulfur cluster of the FeMo
cofactor (10). Although it is tempting to suggest a
nitride anion at the site of biological nitrogen re-
duction, the nature of this atom is controversial
and still under debate (11, 12). Accordingly, the
synthesis and characterization of model com-
plexes is critical to delineating the reactivity of
iron nitrides and their possible role in ammonia
synthesis. In addition to the molecular and elec-
tronic structural insight provided by complexes
that stabilize the [Fe≡N] unit, their reactivity will
also affect our understanding of both biological
and industrial NH3 syntheses.

Thermally stable, four-coordinate iron(IV)
nitrido complexes were first prepared with trip-
odal tris(phosphino)borate supporting ligands,
although these compounds could not be iso-
lated in the solid state (13). Using ligands that
are structurally and electronically related to

tris(phosphino)borates, we have recently reported
the molecular and electronic structures, as well as
preliminary reactivity, of low-coordinate Fe(IV)
complexes that contain the [Fe≡N] functionality
(14, 15). We now report the synthesis of a four-
coordinate iron(V) nitrido complex supported
by a tripodal N-heterocyclic carbene (NHC)
ligand. The complex has been characterized by
single-crystal x-ray diffraction (XRD),Mößbauer,
and electron paramagnetic resonance (EPR) spec-
troscopies as well as density functional theory
(DFT) calculations. The enhanced reactivity of
this complex is evident from a low-temperature
hydrolysis reaction, which gives small amounts
of ammonia, in contrast to the related iron(IV)
nitrido complex, which is unreactive to water. Sub-
stantially higher yields of ammonia are obtained
when the hydrolysis is conducted under reducing
conditions, where water and the reductant pro-
vide three hydrogen atom equivalents. This reac-
tion is reminiscent of the chemistry of nitrogenase,
in which water is the ultimate source of protons
in the synthesis of ammonia.

Some of us recently reported the synthesis and
structure of the four-coordinate nitrido complex
[PhB( tBuIm)3Fe

IV≡N] (1), where PhB( tBuIm)3
–

is the phenyltris(3-tert-butylimidazol-2-ylidene)
borato ligand (15). The Mößbauer spectrum of
1 (fig. S1) confirms the oxidation state assign-
ment, with a negative isomer shift (d = –0.28(1)
mm s–1) and large quadrupole splitting (|DEQ| =
6.23(1) mm s–1) similar to other iron(IV) nitrido
complexes. At slow scan rates, the cyclic voltam-
mogram of complex 1 (fig. S3) features a quasi-
reversible oxidative wave that becomes fully
reversible when the scan rate is increased (E1/2 =
–0.53 V versus the ferrocene/ferrocenium couple
in tetrahydrofuran solvent with 0.4 M tetrabutyl-
ammonium hexafluorophosphate electrolyte). The
reversibility of the FeV/FeIV redox couple at faster

1Department of Chemistry and Biochemistry, MSC 3C, New
Mexico State University, Las Cruces, NM 88003, USA. 2De-
partment of Chemistry and Pharmacy, Friedrich-Alexander-
University Erlangen-Nuremberg, Egerlandstrasse 1, 91058
Erlangen, Germany.

*To whom correspondence should be addressed. E-mail:
KMeyer@chemie.uni-erlangen.de (K.M.); jesmith@nmsu.edu
( J.M.S.) Scheme 1. Formation of Fe(V) nitride 2.
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scan rates suggests that an oxidized iron nitrido
complex is kinetically accessible.

In agreement with the electrochemical data,
1 is readily oxidized by [Fe(Cp)2]BArF24 (Cp

– =
h5-C5H5

–; BArF24
– = B(3,5-(CF3)2C6H3)4

–) at
−78°C in diethyl ether solution to generate the
dark purple complex [PhB(tBuIm)3Fe

V≡N]BArF24
in high yield (2) (Scheme 1) (16). No resonances
are observed in the 1H nuclear magnetic reso-
nance (NMR) spectrum of complex 2, indicating
complete consumption of the diamagnetic start-
ingmaterial. The ultraviolet-visible (UV-vis) spec-
trum of 2 (fig. S4) is distinct from that of 1 (fig.
S5), with bands at 452 nm (e = 1500 M–1·cm–1)
and 563 nm (e = 1400 M–1·cm–1), that are as-
signed as ligand-to-metal charge-transfer transitions
on the basis of time-dependent DFTcalculations.
The half-life of 2 is ~4 hours at 25°C as de-
termined by UV-vis spectroscopy, and we there-
fore manipulated the complex at low temperatures.

Purple crystals suitable for x-ray crystal struc-
ture determination were grown by slow diffusion
of pentane into a toluene solution of 2 at −35°C.
The molecular structure of 2 shows a pseudo-
tetrahedral iron center that is supported by the tris
(imidazol-2-ylidene)borato ligand and bound to a
terminal nitrido ligand. The nitrido ligand lies in a
hydrophobic pocket created by the bulky tert-
butyl groups of the tris(imidazol-2-ylidene)borato
ligand (Fig. 1).

The crystallographic data, collected at 100 and
35 K on two single crystals obtained from inde-
pendent syntheses (16), reveal that there are re-
markably few structural changes upon oxidation
of the iron(IV) complex. In both nitrido com-
plexes, the iron center is four-coordinate and lies
approximately 1 Å out of the plane defined by
the three carbon atoms of the tris(imidazol-2-
ylidene)borato ligand. The one-electron oxida-
tion Fe(IV)→ Fe(V) is accompanied by a slight
shortening of the Fe–N bond from 1.512(1) Å in
Fe(IV) to 1.506(2) and 1.502(2) Å found in the

two independent XRD studies at 35 and 100 K,
respectively. This decrease can be readily ex-
plained as the outcome of increased electrostatic
interactions between the more positively charged
Fe(V) ion and the N3– nitrido ligand. However,
reasons for the concomitant and significant elon-
gations of the three Fe–C bonds, from 1.924(1) Å
in Fe(IV) to 1.949(2) and 1.947(2) Å in the Fe(V)
complex, are much less obvious. The s-donating
carbenes are formally neutral ligands that expe-
rience a much smaller, if any, electrostatic attrac-
tion to the highly oxidized Fe(V) ion. The carbenes
interact mostly with the iron d(xz), d(yz) and d(z2)
orbitals, which are the same orbitals involved in
bonding to the nitrido ligand. The shorter Fe–N
distance increases the Fe–N orbital overlap, in-
creasing the electron density at these d-orbitals
(see Löwdin populations, table S3), reducing the
Fe–C orbital overlap, and thus increasing the Fe–C
bond lengths. Finally, the B(1)–Fe(1)–N(1) angle
decreases upon oxidation from 178.57(6)° in 1 to
173.57(8)° in 2. Noticeable deviation of this angle
from 180° in 2 is related to the electronic structure.

The Fe≡N bond lengths in both 1 and 2 are
significantly shorter than the Fe≡Nbond of 1.57 T
0.02Å in Fe(VI) nitride [(Me3-cyclam-ac)Fe≡N]2+,
determined by x-ray absorption spectroscopy (or
the DFTcomputed distance of 1.532 Å) (5). This
difference is likely due to the higher coordination
number of the six-coordinate iron center in hexa-
valent [(Me3-cyclam-ac)Fe≡N]2+, which is ex-
pected to result in a longer Fe(VI)≡N triple bond
than the corresponding distance in the four-
coordinate Fe(V)≡N complex 2. Additionally, it
would be reasonable to assume that the acetato
ligand trans to the nitrido weakens the Fe≡N in-
teraction in [(Me3-cyclam-ac)Fe≡N]2+. However,
extended x-ray absorption fine structure studies on
structurally related [(Me4-cyclam)(X)Fe=O]

+ com-
plexes (X=OH–, CF3CO2

–, N3
–, NCS–, NCO–, and

CN–) show little change in the Fe=O bond length
within this series and with the parent acetonitrile

complex (17 ). In this regard, it is also worth men-
tioning that the Mößbauer isomer shift d = –0.29
mm s–1, observed for [(Me3-cyclam-ac)Fe≡N]2+, is
considerably less negative than that measured for
2 (d = –0.45mm s–1). In fact, the value determined
for the Fe(VI) nitrido complex is more comparable
to those of known Fe(IV) nitrido complexes, for
which d varies from –0.27 to –0.34 mm s–1. Be-
cause the Mößbauer isomer shift is an indicator of
formal oxidation state and also the degree of co-
valency, themore negative isomer shift in2 suggests
a stronger, more covalent Fe–nitride interaction,
and thus, a shorter Fe–N bond distance in four-
coordinate high-valent Fe≡N complexes.

We investigated the electronic structure of 2
by temperature-dependent 57Fe Mößbauer and
X-band EPR spectroscopies. The zero-field 57Fe
Mößbauer spectrum, recorded at 78 K, reveals
one major doublet, fitted with two quadrupole

Fig. 1. Molecular struc-
ture of [PhB(tBuIm)3
FeV≡N]+ in crystals of
[PhB(tBuIm)3Fe

V≡N]
BArF24 (2) at 35 K (left,
50% probability ellip-
soids). Hydrogen atoms,
cocrystallized solventmol-
ecules, and the BArF24

–

counter anion are omitted
for clarity (see figs. S8
to S11 for more details).
Space-filling representa-
tions of the cation 2 side
view (right, top) and top
view (right, bottom). Se-
lected distances (Å) and
angles (°): Fe–N71.506(2),
Fe–C1 1.947(2), Fe–C4
1.969(2), Fe–C71.932(2),
Fe···B1 2.949(3), N7–Fe–C1 119.62(10), N7–Fe–C4 126.47(10), N7–Fe–C7 114.84(9), C1–Fe–C4 98.16(9),
C1–Fe–C7 93.67(9), C4–Fe–C7 97.44(9), N7–Fe···B1 173.57(8).

Fig. 2. Zero-field 57Fe Mößbauer spectrum of a
microcrystalline sample of 2 recorded at 78 and
200 K. The solid lines represent the best fit ob-
tainedwith parameters. At 78 K: d =–0.45(1)mm s–1,
|DEQ| = 4.78(1) mm s–1, GFWHM = 0.44(1)/0.90(1)
mm s–1; at 200 K: d =–0.49(1)mm s–1, |DEQ| = 4.73
(1) mm s–1,GFWHM = 0.28(1)/0.36(1) mm s–1. FWHM,
full width at half maximum.

Fig. 3. X-Band EPR spectrum of 2 in frozen
toluene measured at 15 K. Conditions: frequency
8.9564 GHz, power 1mW,modulation 1mT/100 kHz.
The fit (dashed line) was obtained with S = 1/2 and
g⊥ = 1.971, g|| = 2.299.
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lines of different linewidths but equal integrated
area, which is characterized by a very low d =
–0.45 mm s–1 and a large |DEQ| = 4.78 mm s–1.
Although the low-energy quadrupole line of
this doublet is relatively sharp, the high-energy
line is considerably broader and shows addi-
tional features on its low-energy flank, possibly
due to an unidentified and EPR-inactive Fe(II)
or Fe(III) side product. It is interesting to note,
however, that the intensity of these features is
invariable formultiple independently synthesized
samples (fig. S2). Because of slow relaxation at
low temperatures, the observation of broad lines
and partly resolved magnetic hyperfine interac-
tions in the Mößbauer spectrum is not unusual
and frequently observed in spectra of systems with
half-integer spin (18). Accordingly, a spectrum
recorded at 200 K shows a more symmetrical
quadrupole doublet with significantly sharper
lines (Fig. 2). The isomer shift decreases at the
higher temperature, as expected from a second-
order Doppler shift (19, 20).

The isomer shift of the parent Fe(IV) nitrido (1,
low-spin, S = 0) is –0.28 mm s–1 (fig. S1). Thus,
significant lowering of the isomer shift upon oxi-
dation 1 → 2 suggests a metal-based Fe(IV) →
Fe(V) oxidation. An Fe(V) ion (d3 electronic
configuration) can be in either a low-spin state
(one unpaired electron, S = 1/2) or high-spin state
(three unpaired electrons, S = 3/2), which is best
probed by EPR spectroscopy.

Wieghardt and co-workers reported spec-
troscopic characterization of Fe(V)-nitride com-
plexes with cyclam-derived ligands (21). These
six-coordinate complexes, which were originally
formulated as high-spin (S = 3/2) (21) and then
reformulated as low-spin (S = 1/2) (4), show
considerably higher isomer shifts (–0.04 to –0.02
mm s–1) and much smaller quadrupole splittings
(1.67 to 1.90 mm s–1) than complex 2. Although
the spin state of these species is still being de-
bated, the significantly more negative isomer shift
of 2 is due to increased covalent bonding in the
tris(imidazol-2-ylidene)borato complex 2 and re-
sulting decreased d-electron density compared
with the less covalent Fe–N(cyclam) bonding.
The profoundly different values of the quadrupole
splitting for 2 and the cyclam complexes are also
a consequence of the different geometries. Re-

cently, Collins and co-workers reported Mößbauer
parameters very similar to 2 for a putative five-
coordinate low-spin Fe(V) oxo complex (22) (d =
–0.42 mm s–1, DEQ = +4.25 mm s–1), emphasiz-
ing similarities between the electronic structures
of these two species.

The X-band EPR spectrum of 2 reveals an
axial signal with g⊥ = 1.971 and g|| = 2.299 (Fig. 3).
Due to the large anisotropy (Dg = g|| – g⊥ = 0.328)
and location of both signal features near g = 2,
this spectrum is assigned to an iron-centered rad-
ical (S = 1/2) resulting from a low-spin Fe(V) con-
figuration in the ground state of 2. The observed
axial EPR signal is expected for the approxi-
mately C3-symmetric coordination environment
of themetal ion in complex 2. An EPR signal with
two components at g ~ 4 and one component at
g ~ 2 would be expected for a high-spin Fe(V)
complex (S = 3/2) of small rhombicity. Collins and
co-workers reported a similar EPR spectrum for
their five-coordinate low-spin Fe(V)=O complex,
which shows a slightly distorted axial signal with
lower g values and the opposite order of g|| and g⊥
components (1.74, 1.97, and 1.99) (22).

The electronic structure of 2 has been further
elucidated by DFT calculations (B3LYP). The
geometry of the complex was optimized as a spin
doublet (S = 1/2) (23), with all the geometrical
features of 2 well reproduced (table S1). It is
remarkable that the calculated Fe1–N7 bond
length of 1.515 Å is very close to the experi-
mental distance of 1.506 Å. The optimized struc-
ture also reveals a slight deviation from a pseudo
C3-symmetry (24), with a N7–Fe1–B1 angle of
171.6° similar to the experimentally determined
angle of 173.6°. According to the Löwdin pop-
ulation analysis, complex 2 is an iron-centered
radical: The spin-density at the metal ion is +0.93
(Fig. 4 A). The unoccupied d(z2), d(xz), d( yz)
orbitals are highly destabilized by strong s and p
interactions with nitrogen p-orbitals of the nitrido
ligand (Fig. 4 B). A singly occupied molecular
orbital (SOMO) reveals predominant d(xy) char-
acter, whereas the d(x2–y2) highest occupied mol-
ecular orbital (HOMO) is doubly occupied. The
N7–Fe1–B1 bending removes the degeneracy of
the triply occupied d(xy) and d(x2–y2) orbitals,
and thus decreases the total energy. This bond-
ing situation is very similar to diamagnetic four-

coordinate Fe(IV)-nitrido complexeswith a pseudo
C3 symmetry (13–15), where d(x2–y2) and d(xy)
are doubly occupied, and where DEQ has been
determined to be +6.23 mm s–1. The calculated
Mößbauer parameters for 2 (d = –0.56 mm s–1,
DEQ = +4.63mm s–1) are in good agreement with
the experimental values (d = –0.49mms–1, |DEQ| =
4.73 mm s–1 at 200 K), which corroborates the
calculated electronic structure. Althoughwewere
able to calculate EPR parameters as well, only
qualitative agreement between theory and exper-
iment is reached. The calculated g-tensor (2.007,
2.013, 2.133) is almost axial in agreement with
the experimental data, but the spin-orbit coupling
is underestimated by the calculations leading to a
smaller anisotropy of the tensor.

Preliminary reactivity studies reveal 2 to be
highly reactive, yielding substantial amounts of
NH3 under extremely mild conditions. Specifical-
ly, 2 reacts within seconds at –78°C (in tetrahy-
drofuran solution) with 3 equivalents of cobaltocene
and 15 equivalents of water to produce NH3 in
89% yield, as determined by the indophenolmeth-
od (25, 26). Fewer than 3 equivalents of reductant
resulted in lower yields of ammonia. Mößbauer
spectroscopic analysis reproducibly revealed a
single iron(II) product, consistent with a three-
electron reaction (for details, see tables S1 and S2
and fig. S7). Although the mechanism of this
reaction is likely to be complicated, we note that
protonation of the nitrido ligand after one-electron
reduction to the Fe(IV) nitrido complex 1 is un-
likely, because independent experiments show
that 1 does not react with water.
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The S3
– Ion Is Stable in Geological

Fluids at Elevated Temperatures
and Pressures
Gleb S. Pokrovski1* and Leonid S. Dubrovinsky2

The chemical speciation of sulfur in geological fluids is a controlling factor in a number of
processes on Earth. The two major chemical forms of sulfur in crustal fluids over a wide range
of temperature and pressure are believed to be sulfate and sulfide; however, we use in situ
Raman spectroscopy to show that the dominant stable form of sulfur in aqueous solution above
250°C and 0.5 gigapascal is the trisulfur ion S3

–. The large stability range of S3
– enables

efficient transport and concentration of sulfur and gold by geological fluids in deep
metamorphic and subduction-zone settings. Furthermore, the formation of S3

– requires a
revision of sulfur isotope–fractionation models between sulfides and sulfates in natural fluids.

Sulfur participates in numerous inorganic
and biological reactions over a wide range
of temperatures and pressures (1–3), dur-

ing which it often exhibits large fractionations
among its stable isotopes (4–7) and transforms
between its multiple valence states and chemical
forms. Earth’s surface and shallow crust are char-

acterized by a large variation in sulfur forms, with
sulfide (S2–: H2S/HS

–/S2–) and sulfate (S6+:
HSO4

–/SO4
2–) being the most common. Other

sulfur species (for instance, elemental sulfur,
sulfite, thiosulfate, polysulfides, polythionates,
and organic sulfur) form as reaction intermedi-
ates in the sulfate-sulfide redox cycle but are rel-

atively minor or thermodynamically metastable
at near-surface conditions (1, 2). The sulfur spe-
ciation in deep and hot fluids from hydrothermal-
magmatic systems and subduction zones hosting
the major part of metallic resources on Earth (3)
is far less constrained. This is due to intrinsic
difficulties in studying such fluid systems, which
are strongly sensitive to temperature, pressure, and
redox conditions. For example, sulfur solubility in
water increases by about five orders of magni-
tude over the hydrothermal temperature range
(20° to 500°C) (8, 9). Intermediate-valence
species, such as SO2, that are potentially impor-
tant in shallow magmatic-hydrothermal systems
(3) tend to disproportionate rapidly into sulfate
and hydrogen sulfide (with or without native
sulfur) in the aqueous fluid or vapor phase on
cooling (8–11). The rates of chemical and isotopic
equilibration between sulfates and sulfides in an
acidic aqueous solution at supercritical temper-

1Géosciences Environnement Toulouse (GET, ex-LMTG), UMR
5563 of CNRS, Université Paul Sabatier, 14, avenue Edouard
Belin, F-31400 Toulouse, France. 2Bayerisches Geoinstitut,
Universität Bayreuth, D-95440 Bayreuth, Germany.
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Fig. 1. (A) Raman spectra of an aqueous solution of 1 mol/kg potassium
thiosulfate (K2S2O3) at equilibrium at temperatures ranging from 150° to
350°C and pressures of 1.5 T 0.3 GPa at the S-S and S-O bond-vibration
region below 1250 cm−1. Spectra at 150° to 250°C are magnified by a factor
of 4 to emphasize small bands. (B) Raman spectra showing the S-H bands of
H2S and HS–. Spectra are normalized to 30-s acquisition time and offset

vertically for clarity. Vertical dashed lines denote the vibration modes (n =
stretching, d = bending) and positions of major Raman peaks for the indicated
species; stars show the bands of diamond. The frequency shifts of the bands
with temperature are typical for aqueous species. Spectra demonstrate the
reversible formation of the S3

– ion at 300° and 350°C at the expense of sulfate
and sulfide, which are stable at lower temperatures (13).
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The S3
– Ion Is Stable in Geological

Fluids at Elevated Temperatures
and Pressures
Gleb S. Pokrovski1* and Leonid S. Dubrovinsky2

The chemical speciation of sulfur in geological fluids is a controlling factor in a number of
processes on Earth. The two major chemical forms of sulfur in crustal fluids over a wide range
of temperature and pressure are believed to be sulfate and sulfide; however, we use in situ
Raman spectroscopy to show that the dominant stable form of sulfur in aqueous solution above
250°C and 0.5 gigapascal is the trisulfur ion S3

–. The large stability range of S3
– enables

efficient transport and concentration of sulfur and gold by geological fluids in deep
metamorphic and subduction-zone settings. Furthermore, the formation of S3

– requires a
revision of sulfur isotope–fractionation models between sulfides and sulfates in natural fluids.

Sulfur participates in numerous inorganic
and biological reactions over a wide range
of temperatures and pressures (1–3), dur-

ing which it often exhibits large fractionations
among its stable isotopes (4–7) and transforms
between its multiple valence states and chemical
forms. Earth’s surface and shallow crust are char-

acterized by a large variation in sulfur forms, with
sulfide (S2–: H2S/HS

–/S2–) and sulfate (S6+:
HSO4

–/SO4
2–) being the most common. Other

sulfur species (for instance, elemental sulfur,
sulfite, thiosulfate, polysulfides, polythionates,
and organic sulfur) form as reaction intermedi-
ates in the sulfate-sulfide redox cycle but are rel-

atively minor or thermodynamically metastable
at near-surface conditions (1, 2). The sulfur spe-
ciation in deep and hot fluids from hydrothermal-
magmatic systems and subduction zones hosting
the major part of metallic resources on Earth (3)
is far less constrained. This is due to intrinsic
difficulties in studying such fluid systems, which
are strongly sensitive to temperature, pressure, and
redox conditions. For example, sulfur solubility in
water increases by about five orders of magni-
tude over the hydrothermal temperature range
(20° to 500°C) (8, 9). Intermediate-valence
species, such as SO2, that are potentially impor-
tant in shallow magmatic-hydrothermal systems
(3) tend to disproportionate rapidly into sulfate
and hydrogen sulfide (with or without native
sulfur) in the aqueous fluid or vapor phase on
cooling (8–11). The rates of chemical and isotopic
equilibration between sulfates and sulfides in an
acidic aqueous solution at supercritical temper-

1Géosciences Environnement Toulouse (GET, ex-LMTG), UMR
5563 of CNRS, Université Paul Sabatier, 14, avenue Edouard
Belin, F-31400 Toulouse, France. 2Bayerisches Geoinstitut,
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Fig. 1. (A) Raman spectra of an aqueous solution of 1 mol/kg potassium
thiosulfate (K2S2O3) at equilibrium at temperatures ranging from 150° to
350°C and pressures of 1.5 T 0.3 GPa at the S-S and S-O bond-vibration
region below 1250 cm−1. Spectra at 150° to 250°C are magnified by a factor
of 4 to emphasize small bands. (B) Raman spectra showing the S-H bands of
H2S and HS–. Spectra are normalized to 30-s acquisition time and offset

vertically for clarity. Vertical dashed lines denote the vibration modes (n =
stretching, d = bending) and positions of major Raman peaks for the indicated
species; stars show the bands of diamond. The frequency shifts of the bands
with temperature are typical for aqueous species. Spectra demonstrate the
reversible formation of the S3

– ion at 300° and 350°C at the expense of sulfate
and sulfide, which are stable at lower temperatures (13).
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atures are too fast (4) to allow a magmatic-
hydrothermal fluid to preserve its original sulfur
speciation on cooling. Thus, most aqueous fluids
quenched or trapped as inclusions in minerals,

both in nature and in the laboratory, contain al-
most exclusively sulfate and sulfide (2, 11, 12)
and may not reflect the true speciation at high
temperature and pressure.

Because of these limitations, the thermody-
namic and kinetic properties and isotope frac-
tionation could be investigated in detail only for
the two aqueous end members, sulfate and sul-
fide, at temperature and pressure conditions of
shallowmagmatic-hydrothermal systems (2–4, 8).
Together with chloride, these forms are regarded
as the major transporting agents of metals in hy-
drothermal and metamorphic ore-bearing fluids
(2, 3, 11, 12) and as responsible for sulfur isotope
records in sulfide and sulfateminerals formed (2, 4).
However, this simplicity of sulfur aqueous chem-
istry may only be apparent because of the lack of
in situ approaches for analyzing geological fluids
at elevated temperatures and pressures.

To fill this gap, we employed in situ Raman
spectroscopy in a diamond anvil cell at 25° to
450°C and 0.5 to 3.5 GPa to measure the identity
and stability of S-bearing species in model aque-
ous solutions of thiosulfate and sulfur across a
range of acidity (1 < pH < 7) and of sulfur con-
centration [0.6 to 6 weight percent (wt %)] that
are representative of crustal and subduction-zone
fluids. These experimental conditions provide
acidity and redox control on the system through
the sulfate-sulfide equilibrium and can fix oxy-
gen fugacity close to themagnetite-hematite min-
eral buffer. They also allow for the identification
of the dominant S species directly from their
characteristic Raman spectra (13).

Our data indicate the preponderance of sulfate
and sulfide in solution at < 250°C and 0.5 to 3.5
GPa (Fig. 1), in agreement with thermodynamic
predictions (fig. S1) (2, 4, 8, 12). In contrast, at
higher temperatures, we systematically found
that the dominant form of sulfur was the trisulfur
S3

– radical ion (Figs. 1 and 2). This ion is char-
acterized by S-S symmetric bending (d) and
stretching (n) modes at 240 T 5 and 538 T 5 cm−1,
respectively, and corresponding overtones ds + ns,
2ns, 3ns, and 4ns, due to the Raman resonance
phenomenon of S3

– at thewavelength of theHe-Ne
laser (14–19). Kinetic and heating-cooling mea-
surements (13) show that this species forms rap-
idly and reversibly at the expense of sulfate and
sulfide (figs. S4 and S5). Owing to the radical
nature of S3

– that allows fast electron transfer,
its presence accelerates the attainment of the
sulfide-sulfate equilibrium at moderate temper-
atures (250° to 300°C) and near-neutral pH (6 to
8). Our findings demonstrate that S3

– is a domi-
nant, thermodynamically stable aqueous sulfur
form at least in the range 250° to 450°C and 0.5
to 3.5 GPa.

The fast breakdown of S3
− to sulfate and

sulfide (with or without native sulfur) below 250°C
explains the absence of reports of S3

− in numer-
ous studies employing fluid sampling or quench-
ing techniques (4, 9, 11). The few in situ studies
conducted so far using ultraviolet-visible (20)
and Raman spectroscopy (21) in sulfur-bearing
aqueous solutions at similar temperatures (150° to
500°C), but at much lower pressures (<0.1 GPa),
may have erroneously attributed the S3

− spectral
pattern to other species. Compared with those

Fig. 3. Stability domains of the
trisulfur ion S3

–, sulfate, and sulfide
in an aqueous solution of total dis-
solved sulfur concentration of 1 wt %,
as a function of oxygen fugacity
(log10fO2, in bars) and acidity (pH =
–log10mH+, in moles per kilogram)
at 350°C and 0.5 GPa. The diagram
was constructed using the stability
constants of S3

– derived in this
study (13, 22) and those of sulfate
and sulfide from (8). Bold lines
delimit the fields of predominance
of each aqueous sulfur form. Hori-
zontal dashed lines indicate the
oxygen fugacity of the major miner-
al buffers (HM, hematite-magnetite;
NNO, nickel-nickel oxide; QFM, quartz-
fayalite-magnetite); the vertical dashed
line stands for the neutrality point of
pure water. Variations in total sulfur
concentration by Tone order of magnitude (from 0.1 to 10 wt %, shown by dotted lines) result in
changes in the stability domain of S3

– by T1.5 and T0.5 log10 fO2 units for the sulfide and sulfate
side, respectively.
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the different experiments. Vertical dashed lines denote the S-S and S-O vibration modes and positions of
the main Raman bands of S3
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expressed in moles per kilogram of fluid (m).
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data, our high-pressure results indicate a larger
S3

− stability domain in temperature, acidity, and
sulfur concentration. This pressure-driven stabi-
lization in dense aqueous solution may be due
to solvation of S3

− by water molecules yielding
energetically favorable coordination geometries,
similar to those in zeolite cages of ultramarine-
type minerals in which tetrahedral coordination
of S3

− by Na+ strongly stabilizes this radical ion
(18). The structure of S3

−with an S–S–S angle of
103° (17), close to that of H–O–H in H2O, may
favor its incorporation into the tetrahedral network
of hydrogen bonds formed by water molecules in
the dense liquid phase at elevated pressure.

We estimated the S3
− concentrations from

comparison of the Raman intensities of the non-
resonant sulfate and sulfide species and using the
mass balance of the total dissolved sulfur and
constraints of the relative fractions of S6+ and S2−

forms imposed by the system composition (13).
These data, combined with the robust thermody-
namic properties for sulfate and sulfide species
(8, 12), allow derivation of S3

− formation constants
(22) and prediction of S3

− equilibrium amounts
in natural fluids (Fig. 3). In an aqueous solution
at 350°C and 0.5 to 1.5 GPawith 1wt%S, which
is a common S concentration for Au-Cu–bearing
fluids in porphyry systems (3, 23) and metamor-
phic fluids generated by pyrite breakdown (24),
S3

− accounts for a major part of dissolved sulfur
(>50 to 95%) in a wide range of pH (2 to 7)
at oxygen fugacity of the hematite-magnetite
(HM) buffer. In more reducing environments,
like those of the mantle-crust boundary or ser-
pentinization processes in subduction zones,
approximated by the nickel-nickel oxide or
quartz-fayalite-magnetite (QFM) equilibria, the
S3

− ion attains amounts comparable with H2S
in fluids with ≥1000 parts per million (ppm) of
dissolved S at near-neutral pH.

The S3
– ion has been studied extensively at

low-pressure conditions in nonaqueous chemical
systems such as sulfur-bearing organic solvents,
alkali halide polysulfide solids and melts, S-doped
aluminoborosilicate glasses, ultramarine pigments,
and zeolite minerals such as lapis lazuli (14–19).
However, the formation of S3

– also has conse-
quences for sulfur geochemistry and metal trans-
port in high-temperature and -pressure crustal
and mantle fluids. First, the formation of S3

– at
the expense of H2S/HS

– and SO4
2– (Fig. 3) will

enhance the sulfur mobility in the fluid phase
by reducing the amount of sulfur retained in py-
rite, pyrrhotite, anhydrite, and barite, the major
sulfur-bearing minerals. In metamorphic settings
of greenschist-amphibolite facies, S3

–will wid-
en the temperature-pressure window of pyrite
breakdown leading to generation of sulfur-rich
fluids (24). In subduction processes, a part of
oceanic crust sulfur is transported along the slab
down to zones of dehydration and partial melting
(3, 25, 26). If S3

– also forms at magmatic tem-
peratures, as indicated by analyses of synthetic
silicate glasses (19), it will enhance the release of
sulfur from the FeS-bearing silicate melt into the

degassing aqueous fluid phase, contributing to the
sulfur flux in volcanic arcs. Evolved arc magmas
and associated fluids are often characterized by
high oxygen fugacity, up to QFM+2 (3, 26), fa-
voring S3

– stability.
Second, because of its similarity to poly-

sulfide ions like S3
2– and S2

2– that form strong
complexes with Au in aqueous solution (27), S3

–

should exhibit a high affinity for Au and similar
metals (Cu, Pt). This ligand will thus efficiently
compete with HS– and H2S, which are regarded
so far as the main transporting agents of gold in
hydrothermal fluids (2, 12, 23, 24). Experimental
evidence (12, 28) in S-rich solutions at 300° to
600°C and 0.05 to 0.5 GPa of Au solubilities up
to three orders of magnitude higher than can be
explained by the known Au(I)-sulfide complexes
AuHS0 and Au(HS)2

– (2, 11, 12) may be due to
Au binding with S3

–. Optimal conditions for S3
–

formation include temperatures around 350°C,
redox conditions close to the HM buffer, and
dissolved S concentrations above 1000 ppm (Fig.
3). Such conditions are met in porphyry and epi-
thermal Au-Cu deposits associated with active
convergent margins on Earth (3, 23). Aqueous
S3

– released at high pressures from arc magmas
into the fluid phase in such settings may extract
Au and Cu from the slab and/or mantle wedge.
Upon the fluid ascent and pressure decrease, S3

–

will decompose into sulfate and sulfide. Thismay
result in partial gold precipitation via sulfidation
reactions with Fe-bearing rocks in porphyry and
orogenic deposits (3, 25, 29), whereas some part
of Au and associated metals (Cu, Se, Te) may be
transported upward to shallow epithermal de-
posits by the low-density vapor phase as volatile
species with H2S and/or SO2 (11, 23). Thus, S3

–

may not only enhance themobility of chalcophile
metals at depth, but it may also provide the source
of sulfur andmetals for the important types of gold
deposits inAchaean greenstone belts and porphyry-
epithermal systems that imply high gold and sulfur
fluxes over a wide temperature-pressure-acidity
range (3, 23, 29) favored by the elevated solu-
bility of S3

–.
Third, if S3

– is abundant in hydrothermal
fluids, it will influence thermodynamic properties
of intermediate-valence aqueous sulfur species
(8, 11, 12, 20, 24) and kinetic models of reactions
between sulfates and sulfides (4, 30) in aqueous
solution at high temperatures and pressures. This
may, in turn, affect sulfur isotope–fractionation
models (4–7, 25, 30), which ignore the formation
of S3

– in geological fluids.
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The Response of Vegetation on the
Andean Flank in Western Amazonia
to Pleistocene Climate Change
Macarena L. Cárdenas,1* William D. Gosling,1 Sarah C. Sherlock,1 Imogen Poole,2

R. Toby Pennington,3 Patricia Mothes4

A reconstruction of past environmental change from Ecuador reveals the response of lower
montane forest on the Andean flank in western Amazonia to glacial-interglacial global climate
change. Radiometric dating of volcanic ash indicates that deposition occurred ~324,000 to
193,000 years ago during parts of Marine Isotope Stages 9, 7, and 6. Fossil pollen and wood
preserved within organic sediments suggest that the composition of the forest altered radically in
response to glacial-interglacial climate change. The presence of Podocarpus macrofossils ~1000 meters
below the lower limit of their modern distribution indicates a relative cooling of at least 5°C during
glacials and persistence of wet conditions. Interglacial deposits contain thermophilic palms
suggesting warm and wet climates. Hence, global temperature change can radically alter
vegetation communities and biodiversity in this region.

The western Amazonian/eastern Andean
biodiversity hot spot contains some of the
most threatened ecosystems on the planet

(1). High endemism, coupled with narrow alti-
tudinal distribution ranges, means that the eco-
systems are especially sensitive to both human
disturbance and climate change (1, 2). Computa-
tional climate-vegetation models suggest that
an increase in global temperature will result in
a switch from moist evergreen forest to grassland
and, in the most extreme case, the HadCM3
(Hadley Centre Coupled Model, version 3) mod-
el predicts widespread Amazonian forest dieback
(3). However, ecosystems are inherently complex,
and modeling alone cannot reproduce vegetation
dynamics. Therefore, analysis of the fossil record
is also needed.

In the Neotropics, the only records published
to date that cover glacial-interglacial climates be-
fore the arrival of humans [>17,000 years ago
(4)] come from the high Andes (>2500-m eleva-
tion). Sediments recovered from the high Andean
sites at Sabana de Bogotá (Colombia) (5) and
Lake Titicaca (Peru/Bolivia) (6, 7) indicate that,
over multiple glacial-interglacial cycles, vegeta-
tion changes were caused by orbitally driven var-
iations in temperature and moisture availability.
Three study sites fromwestern Amazonia provide
prehuman palaeoecological information from only
the last glacial period. The San Juan de Bosco,
Mera (Ecuador) and Lago Consuelo (Peru) sites
suggest that Amazon temperatures were ~5° to
9°C cooler than modern temperatures during the

last Ice Age and that a major reorganization of
the vegetation occurred (2, 8). However, because
of the absence of appropriate study sites, the re-
sponse of western Amazonian vegetation to pre-
human glacial-interglacial global climate change
has remained unknown.

To obtain a clearer picture of the response
of Amazonian vegetation to past global climate
change, we analyzed sediments deposited under
glacial and interglacial climates before the arrival
of humans. We present a record of past environ-
mental change from the forest ecotone along the
eastern flank of the Andean cordillera in western
Amazonia to reveal the response of prehuman
vegetation to global climate fluctuations under
glacial [equivalent marine isotope stage (MIS) 6]
and interglacial (MIS 9 and 7) conditions.

The 17.3-m-long Erazo sedimentary expo-
sure is situated near Cosanga, Ecuador, within a
lower montane forest (LMF) (9) (00°33′42.4′′S,
77°52′42.5′′W, 1914-m altitude) (Fig. 1). The cur-
rent climate of the area is tropical humid with
persistent rain throughout the year and an average
temperature of 21°C (10). Located at the upper

limit of the LMF today, the Erazo vegetation is
likely to be sensitive to climate change. The
Erazo stratigraphic section is part of an older dis-
sected fan and includes 13.3m of volcanic ashfall
and fine-grain pyroclastic flow layers interbed-
ded with 15 low-energy swampy/shallow-water–
deposited organic layers (equivalent to a total
of 4 m) and some debris-flow units. Loss-on-
ignition (11), pollen (12), macroscopic charcoal
(13), woodmacrofossil (14), and 40Ar-39Ar dating
(15) were used to reconstruct the past environ-
mental change at Erazo (16).

The four radiometric 40Ar-39Ar dates ob-
tained from the tephra deposits at Erazo provide
ages of ~324, 193, 201, and 197 thousand years
before the present (ky B.P.) (16). Rather than pro-
viding a relative chronology for the Erazo sed-
iments, the dates give absolute ages that place the
deposits within the middle Pleistocene period and
indicate they represent portions of interglacial
(MIS 9 and 7) and glacial (MIS 6) conditions (17).

Pollen data from Erazo reveal two major
types of vegetation association (Fig. 2). The old-
est (zone 1) and youngest (zone 3) sediments
contain upper montane forest (UMF) taxa Podo-
carpus spp. (highest in zone 3b; possibly Podo-
carpus glomeratus/P. oleifolius), Myrtaceae,
Hedyosmum spp., Asteraceae, Oreopanax spp.,
Apiaceae and Melastomataceae/Combretaceae
(Miconia spp. type), and increased concentra-
tions of grasses (Poaceae) that are typically more
abundant at high elevations (>3200 m) today. In
contrast, zone 2 has higher pollen diversity (Fig.
3) and is dominated by lower montane forest taxa,
principally Arecaceae associated with moisture-
loving taxa (Cyperaceae and Alnus sp.).

We analyzed fossil pollen data using non-
metric multidimensional scaling (NMDS) sta-
tistical techniques. The separation of individual
samples along axis 1 of the NMDS ordination
(Fig. 4) supports the independently defined
vegetation zones (16). The ordination shows that
upper montane (cool/wet) taxa that are represent-
ative of assemblages at higher elevations today
(zones 1 and 3) cluster together (at right of
diagram) and are clearly separated from lower
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2Department of Geology and Petroleum Geology, University of
Aberdeen, Meston Building, King’s College, Aberdeen AB24
3UE, UK. 3Tropical Biology Group, Royal Botanic Garden
Edinburgh, 20a Inverleith Row, Edinburgh EH3 5LR, UK.
4Instituto Geofísico, Escuela Politécnica Nacional, Ladrón de
Guevara E11-253, Apartado 2759, Quito, Ecuador.

*To whom correspondence should be addressed. E-mail:
m.l.cardenas@open.ac.uk

Fig. 1. Satellite image
of study region in Ecua-
dor showing topography
(modified from http://
amazongis.com). Black
line, edge of Amazon ba-
sin; star, Erazo study site;
dots, other sites men-
tioned in text.
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montane (warm/wet) assemblage (zone 2, at left)
(9). The weighting of pollen taxa along axis
1 suggests that temperature is the major driver of
vegetation assemblage composition (16). Fluctu-
ations in the abundance of the Andean palm
Ceroxylon spp. are particularly notable. Today,
most Ceroxylon spp. are found around 2000-m
altitude in Ecuador and not higher than 3000 m
(18). The presence of Ceroxylon pollen may,
therefore, be interpreted as suggesting conditions
similar to those of themodern day (zone 2), where-
as the scarcity of Ceroxylon in zone 1 (occurring
only twice at <1%) perhaps indicates conditions
similar to those found at >3000 m today (~10°C
mean annual temperature).

During the period of sediment deposition at
Erazo, there are three major shifts in pollen as-
semblage indicating substantial turnover in the
vegetation composition (Fig. 3). In zone 1, the
vegetation deduced from the pollen assemblage
is most similar to UMF vegetation today (19),
suggesting temperatures cooler thanmodern tem-
peratures. The first major turnover in the vegeta-
tion composition (zone 1 to zone 2) is highlighted
by a switch from UMF taxa to LMF wet and
thermophilic palms (Fig. 2). Concomitant rises in
Cyperaceae—coupled with a decrease in Podo-
carpus spp., Myrtaceae, andWeinmannia spp.—
also suggest a transition into warmer, wetter
conditions. No modern analog exists in this re-
gion today for the high Arecaceae-Alnus, low
Moraceae/Urticaceae assemblages (zone 2). De-
spite being principally found at higher altitudes
relative to our study site, Alnus sp. also occurs
elsewhere at lower elevations today (20). When
all elements of the vegetation association found

in zone 2 are considered, the modern ecological
tolerances suggest rainfall between 1500 and
3000 mm per year, no pronounced dry season,
and annual temperatures >15°C (9).

The second major turnover in the pollen as-
semblage composition (Fig. 3) occurs just above
the transition into zone 3 and relates to the re-
placement of LMF taxa by UMF taxa (Fig. 2).
The third major turnover in the vegetation is a
succession of upper montane elements within
zone 3. In zone 3,Melastomataceae/Combretaceae,
Hedyosmum spp., Ericaceae, and Asteraceae do-
minate initially (zone 3a), but they are subse-
quently replaced by Podocarpus spp. and Poaceae
(zone 3b).Woodmacrofossils of Podocarpus spp.
found in zone 3b at 0.2 m (Fig. 2) are coincident
with the highest Podocarpus spp. peak in the
pollen record, indicating that this genus was
growing locally and possibly in relatively high
abundance at this time. Today, in the eastern
Andes, Podocarpus spp. grow preferentially in
the UMF, representing relatively cool, wet con-
ditions (21). Interestingly, the pollen assemblages
found in zone 3b have taxonomic similarities
with modern UMF that contains Podocarpus spp.
in association withWeinmannia spp.,Hedyosmum
spp., Apiaceae, and Oreopanax spp. (21). For
high-elevation Podocarpus spp. to be present at
the Erazo study site requires a descent of ~1000
m relative to modern distribution, which equates
to a cooling of ~5°C and a persistence of wet
conditions (~3000 mm per yr) (22).

Throughout the Erazo sediments, charcoal
occurs only at low concentrations and mainly
toward the base of the record (Fig. 2). The ma-
jority of charcoal peaks (58%) occur directly

below ash layers, which suggests a causal link
between volcanic activity and fire (16). The
tephra layers at Erazo originated from the re-
cently discovered Aliso volcano located ~15 km
west of the study site (16). Volcanic eruptions in
the eastern Andean cordillera are known to
generate pyroclastic flows that can burn vegeta-
tion on a local scale. Therefore, it seems likely
that volcanic eruptions are the primary source of
ignition through the period of sediment deposi-
tion at Erazo.

Fires of nonhuman origin have been an im-
portant component of the upper Andean land-
scape for at least the past 370 ky (7). On the
eastern flank of the Andes today, fires are not
thought to occur in the absence of human ignition
because of the high annual precipitation and lack
of seasonal drought. In the Erazo record, charcoal
peaks do not correspond with abrupt change in
the pollen assemblages (Fig. 2). The lack of
correlation between fire activity and vegetation
change suggests that fires did not cause major
perturbation of the vegetation within the region.
Persistence of charcoal in the Erazo sediments
not directly associated with tephra deposits sug-
gests relatively drier conditions. The greatest abun-
dance of non–tephra-related fire activity at Erazo
is found in zone 1, which co-occurs with low
percentages of aquatic Cyperaceae and wet-loving
Podocarpus spp. (<15%) (Fig. 2). Thus, we in-
terpret zone 1 as being the relatively driest part of
the Erazo record.

The changes seen in the pollen assemblages
at Erazo imply a cool-warm-cool temperature
oscillation with a maximum magnitude similar
to that seen during the transition from the last

Fig. 2. Summary diagram of pollen (percentage) and macroscopic charcoal (concentration) from the Erazo profile. Diagram shows only organic layers;
volcanic ash is assumed to have been deposited instantaneously. The asterisk indicates Podocarpus spp. macrofossils (19).

25 FEBRUARY 2011 VOL 331 SCIENCE www.sciencemag.org1056

REPORTS

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


glacial maximum into the Holocene (2, 8). The
40Ar-39Ar dates indicate that the Erazo deposits
were laid down ~324 to 193 ky B.P. Correlation
with the global temperature record inferred from
d18O in Antarctic ice (17) suggests that the en-
vironmental reconstruction from Erazo is repre-
sentative of some portion of: (i) the transition
out of peak interglacial climate (MIS 9, ~ 324 ky),
(ii) interglacial climate instability (MIS 7, 243
to 190 ky), and (iii) the transition from interglacial
to glacial conditions (MIS 7 to 6, ~190 ky).

During the interglacial climate of MIS 9
(zone 1), the vegetation community at Erazo was
relatively stable (Fig. 3). Similarly, within the sed-
iments deposited during interglacial MIS 7
(zone 2), the vegetation association is again sta-
ble (Fig. 3). Interglacial stability contrasts with
the Holocene records from Amazonia, which
show major compositional fluctuations (19). The

transition of global climate back toward glacial
conditions (MIS 6) (17) is broadly reflected by
the vegetation transition evident in zone 3a. The
presence of Podocarpus spp. wood macrofossils
near the top of the Erazo sequence indicates that a
cooling of similar magnitude to that experienced
in the region during the last glacial period was
achieved in MIS 6.

Vegetation in the high Andes over multiple
glacial-interglacial cycles has been shown to re-
spond to temperature, moisture balance, and sea-
sonality change dependent on regional conditions
(5, 6). The position of the Sabana de Bogotá re-
cord means that it has received a high level of
orographic rainfall since the uplift of the Andes
(~5 million years ago). Therefore, the vegetation
at Bogotá has been greatly influenced by changes
in global temperature. In contrast, the Lake
Titicaca record is located in the drier south central

Altiplano. Consequently, vegetation change at
Titicaca has been strongly influenced bymoisture
availability. Our analyses of the pollen flora
contained within the sediments at Erazo suggest
that, like Andean Bogotá, temperature was the
key factor driving vegetation change in western
Amazonia.

The palaeoenvironmental reconstruction from
the middle Pleistocene (~324 to 193 ky) deposits
at Erazo shows several key characteristics of west-
ern Amazonia vegetation before the arrival of hu-
mans. First, forest vegetation persisted under both
glacial and interglacial climate conditions, although
a near-complete compositional turnover between
glacial and interglacial states indicates that global
climate change has a major impact on tropical
vegetation. Second, within past interglacial climate
states, forest vegetationwas relatively stable. Third,
fire was an intrinsic component of the landscape,
but its impact was relatively localized, and ignition
seems to be related to volcanic activity. Fourth,
temperature was a key factor controlling changes
in prehuman vegetation, and perturbations were
sufficient to generate novel vegetation commu-
nities without exact modern analogs. These find-
ings imply that any future global temperature
change will induce a reorganization of Amazo-
nian vegetation associations.
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A Terminal Pleistocene Child
Cremation and Residential Structure
from Eastern Beringia
Ben A. Potter,1* Joel D. Irish,1 Joshua D. Reuther,2 Carol Gelvin-Reymiller,1 Vance T. Holliday2

The dearth of human remains and residential sites has constrained inquiry into Beringian
lifeways at the transition of the late Pleistocene–early Holocene. We report on human skeletal
remains and a residential structure from central Alaska dated to ~11,500 calendar years ago. The
remains are from a ~3-year-old child who was cremated in a pit within a semisubterranean house.
The burial-cremation and house have exceptional integrity and preservation and exhibit similarities
and differences to both Siberian Upper Paleolithic and North American Paleoindian features.

Evidence for the human colonization and
early habitation of the Americas is pri-
marily represented by stone tools and

short-term camps and special task areas (e.g., work-
shops, kill sites) (1, 2). Residential structures
and human burials from the American late Pleis-
tocene and early Holocene are rare; none are
known for the North American Subarctic and Arc-
tic. Here, we describe the discovery of human and
cultural remains within a semisubterranean struc-
ture at the Upward Sun River Site (USRS) in
central Alaska (3). The human remains are those
of a child who was cremated and buried, providing
cultural information regarding early Beringians.

USRS is located on a loess-mantled sand dune
near the northern scarp of a terrace above the
active Tanana River floodplain (Fig. 1). Exca-
vations indicate that ~260 cm of loess overlies
>640 cm of aeolian sand (Fig. 2). Several thin
paleosols (Ab horizons) 50 to 160 cm below the
surface indicate brief breaks in loess sedimenta-
tion. There are four cultural components each
separated by 20 to 90 cm of sterile sediment; the
upper three (Components 2 to 4) are associated
with these paleosols (Fig. 2). The stratigraphy of
these paleosols indicates little to no cryoturba-
tion or other mixing processes in the occupation
layers, though there is evidence of limited cryo-
turbation in the upper B horizons (B through
Bwb2), above the burial (4) (Fig. 2). Geoarchae-
ological details are provided in the supporting
online material (fig. S1 and table S1). The burial
and house are associated with Component 3, the
third oldest at the site.

The burial and house were identified dur-
ing a 2010 excavation designed to explore the
earliest late Pleistocene component. The remains
were within a pit-hearth east of our main ex-
cavation (Fig. 1). After consultation with gov-
ernment and Native representatives, we excavated
the entire feature and connected it with the Main
Block through an 8-m trench, for a contiguous
excavated area of 42 m2 (Figs. 2 and 3).

The burial pit–hearth (Feature 5, Figs. 2 and
3) is an oval depression ~45 cm deep, measur-
ing 130 cm by 100 cm at the top and 80 cm by
60 cm at the bottom. It is well defined by a thick

lens of charcoal and oxidized sediment 11 cm
thick at the base and thinning on the sides. The
pit edges flare out to form a flat, roughly cir-
cular surface 280 cm across, delineated by a thin
(~5- to 10-mm thick) layer of charcoal and gray-
stained loess. Lithic artifacts and faunal remains
are localized within this stain and exhibit clear
arcs of debris to indicate the presence of a house
wall and floor. The cross-section of this larger
feature shows that it was a semisubterranean fea-
ture dug about 27 cm below the contemporary
ground surface (Fig. 2). Six apparent postmolds
were observed as localized reddened stains, most
with charcoal fragments and all with sharp edges
in plan view and cross-section; four surround the
pit-hearth. Overall minimum dimensions, arcs of
debris among artifacts and fauna, and clear strat-
igraphic integrity of the feature support the in-
terpretation of a semisubterranean house (fig. S2).

The pit-hearth consists of 15 to 37 cm of fill
overlying a base composed of a 3-cm-thick oxi-
dized layer with burned human and few faunal
remains, a 1- to 3-cm-thick charcoal-rich layer,
a 1-cm-thick ashy layer containing numerous
burned fish and small-mammal bones, and a
3- to 4-cm-thick oxidized layer with abundant
charcoal with some burned faunal remains.
The human remains were above the fauna, in-
dicating that the pit was not specifically created

1Department of Anthropology, University of Alaska Fairbanks,
Fairbanks, AK 99775, USA. 2School of Anthropology and
Department of Geosciences, University of Arizona, Tucson, AZ
85721, USA.

*To whom correspondence should be addressed. E-mail:
bapotter@alaska.edu

Fig. 1. Location of ancient North American human remains. (Inset) Upward Sun River Site map.
Glacial limits for the earliest Beringian occupations (~14,100 cal yr B.P.) and time period of USRS
occupation (~11,500 cal yr B.P.) are derived from (7). kya, thousand years ago.
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A Terminal Pleistocene Child
Cremation and Residential Structure
from Eastern Beringia
Ben A. Potter,1* Joel D. Irish,1 Joshua D. Reuther,2 Carol Gelvin-Reymiller,1 Vance T. Holliday2

The dearth of human remains and residential sites has constrained inquiry into Beringian
lifeways at the transition of the late Pleistocene–early Holocene. We report on human skeletal
remains and a residential structure from central Alaska dated to ~11,500 calendar years ago. The
remains are from a ~3-year-old child who was cremated in a pit within a semisubterranean house.
The burial-cremation and house have exceptional integrity and preservation and exhibit similarities
and differences to both Siberian Upper Paleolithic and North American Paleoindian features.

Evidence for the human colonization and
early habitation of the Americas is pri-
marily represented by stone tools and

short-term camps and special task areas (e.g., work-
shops, kill sites) (1, 2). Residential structures
and human burials from the American late Pleis-
tocene and early Holocene are rare; none are
known for the North American Subarctic and Arc-
tic. Here, we describe the discovery of human and
cultural remains within a semisubterranean struc-
ture at the Upward Sun River Site (USRS) in
central Alaska (3). The human remains are those
of a child who was cremated and buried, providing
cultural information regarding early Beringians.

USRS is located on a loess-mantled sand dune
near the northern scarp of a terrace above the
active Tanana River floodplain (Fig. 1). Exca-
vations indicate that ~260 cm of loess overlies
>640 cm of aeolian sand (Fig. 2). Several thin
paleosols (Ab horizons) 50 to 160 cm below the
surface indicate brief breaks in loess sedimenta-
tion. There are four cultural components each
separated by 20 to 90 cm of sterile sediment; the
upper three (Components 2 to 4) are associated
with these paleosols (Fig. 2). The stratigraphy of
these paleosols indicates little to no cryoturba-
tion or other mixing processes in the occupation
layers, though there is evidence of limited cryo-
turbation in the upper B horizons (B through
Bwb2), above the burial (4) (Fig. 2). Geoarchae-
ological details are provided in the supporting
online material (fig. S1 and table S1). The burial
and house are associated with Component 3, the
third oldest at the site.

The burial and house were identified dur-
ing a 2010 excavation designed to explore the
earliest late Pleistocene component. The remains
were within a pit-hearth east of our main ex-
cavation (Fig. 1). After consultation with gov-
ernment and Native representatives, we excavated
the entire feature and connected it with the Main
Block through an 8-m trench, for a contiguous
excavated area of 42 m2 (Figs. 2 and 3).

The burial pit–hearth (Feature 5, Figs. 2 and
3) is an oval depression ~45 cm deep, measur-
ing 130 cm by 100 cm at the top and 80 cm by
60 cm at the bottom. It is well defined by a thick

lens of charcoal and oxidized sediment 11 cm
thick at the base and thinning on the sides. The
pit edges flare out to form a flat, roughly cir-
cular surface 280 cm across, delineated by a thin
(~5- to 10-mm thick) layer of charcoal and gray-
stained loess. Lithic artifacts and faunal remains
are localized within this stain and exhibit clear
arcs of debris to indicate the presence of a house
wall and floor. The cross-section of this larger
feature shows that it was a semisubterranean fea-
ture dug about 27 cm below the contemporary
ground surface (Fig. 2). Six apparent postmolds
were observed as localized reddened stains, most
with charcoal fragments and all with sharp edges
in plan view and cross-section; four surround the
pit-hearth. Overall minimum dimensions, arcs of
debris among artifacts and fauna, and clear strat-
igraphic integrity of the feature support the in-
terpretation of a semisubterranean house (fig. S2).

The pit-hearth consists of 15 to 37 cm of fill
overlying a base composed of a 3-cm-thick oxi-
dized layer with burned human and few faunal
remains, a 1- to 3-cm-thick charcoal-rich layer,
a 1-cm-thick ashy layer containing numerous
burned fish and small-mammal bones, and a
3- to 4-cm-thick oxidized layer with abundant
charcoal with some burned faunal remains.
The human remains were above the fauna, in-
dicating that the pit was not specifically created

1Department of Anthropology, University of Alaska Fairbanks,
Fairbanks, AK 99775, USA. 2School of Anthropology and
Department of Geosciences, University of Arizona, Tucson, AZ
85721, USA.

*To whom correspondence should be addressed. E-mail:
bapotter@alaska.edu

Fig. 1. Location of ancient North American human remains. (Inset) Upward Sun River Site map.
Glacial limits for the earliest Beringian occupations (~14,100 cal yr B.P.) and time period of USRS
occupation (~11,500 cal yr B.P.) are derived from (7). kya, thousand years ago.
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for the burial, which represents the last use of the
feature.

The human remains were concentrated toward
the west/central part of the pit (Fig. 3); they
comprise many variably burned bones that, al-
though fragmented (most <2 cm across), were
still in their approximately original position.
Charred wood fragments (some 15 cm long)
were interspersed with the human and faunal
remains throughout the oxidized layers of the
pit, representing the fuel source(s) of the cre-
mation and earlier burning episodes. Two of
these larger fragments are Populus balsamifera
(poplar). The spatial orientation of the human
remains, artifacts, and contexts indicate that the
pit was backfilled soon after interment, thus en-
capsulating the find and facilitating preservation.

Twenty 14C samples from within the pit and
overlying and underlying strata provide a secure
chronology for this feature, and all four compo-
nents (table S2). Two charcoal samples from the
base of the pit (Beta-280585, 280586) were con-
temporaneous with a date on the top of the pit
fill (Beta-280584); all three average 9990 T 30
years before the present (yr B.P.) [11,620 to 11,280
calendar (cal) yr B.P.] (5). Two outdoor hearths are
located in the same stratigraphic layer (~14 to 17
cm belowAb3) in theMain Block several meters
to the west (Fig. 1); these yield similar ages. Three
additional 14C samples from strata above the
burial pit provide upper limiting ages, including
two contemporaneous dates on Ab3 (Paleosol 2)
averaging 8870 T 30 yr B.P. (10,170 to 9790 cal
yr B.P.). In sum, the 14C dating and stratigraphy
support secure contexts for the pit and human
remains. They are estimated at ~11,500 cal yr

B.P., at the end of the Younger Dryas chronozone,
after the opening of the Ice Free Corridor and
during a period when a land connection between
northeast Asia andAlaska was still present or had
only recently been inundated (6, 7).

The burned human bones vary in color from
black (Munsell 2.5Y 2.5/1), through gray/brown
(2.5Y 6/1-2), to white (calcined) (2.5Y 8/1). Tem-
peratures associated with these colors are 300° to
360°C, 400° to 525°C, and 645° to 800°C or
above, respectively (8, 9). Burning duration could
have ranged from 1 to 3 hours (9, 10). This het-
erogeneity in combustion reveals that the skeletal
elements were not extensively stirred in the fire.
The posterior occipital is black, with a sharp line
of demarcation to gray/brown (fig. S3). Parietal
and remnant frontal fragments transition from
gray/brown to white. Some long bone fragments
are black, though most postcrania are lighter in
color. Fragile facial and postcranial bones are
largely absent. In agreement with the in situ map-
ping, the individual was likely supine with the
body inclined somewhat toward the right, on or
near the hearth floor. The position of the body
likely shielded the back of the head and part of
the body from the hottest temperatures, and/or the
black color resulted from direct contact with the
soil, which can prevent bone carbonization (9).
The body was angled relative to the long axis of
the dune and nearby Tanana River, with the head
oriented toward the southwest (~245°). The low-
er limbs were probably flexed, given the proxim-
ity of the ribs near the edge of the pit and lack of
preserved lower limb elements. Beyond the ana-
tomically approximate in situ distribution of skel-
etal elements, transverse fracturing and extensive

warping of all fragments suggest that soft tissue
was present at the time of burning.

Less than 20% of the skeleton survived, in-
cluding much of the posterior cranium, fragments
of most deciduous and unerupted permanent
teeth (i.e., unidentifiable enamel pieces, along
with deciduous roots and incomplete permanent
crowns protected by alveolar bone), and some
postcrania. No indications of anomaly, pathol-
ogy, or trauma are evident. The postcranial ele-
ments primarily comprise ribs, some sections of
upper limb cortical bone and, surprisingly, many
fragile elements from both hands, positioned to
the right of the axial elements. Most vertebral centra
and arches, the scapulae, clavicles, innominates,
and almost all bones of the legs and feet are absent.

Some refitting is possible, but the postcrania
are too incomplete to allow osteometric measure-
ments for aging. However, the state of dental
eruption (11) is consistent with an age of around
3 T 1 years (figs. S4 and S5). Variation in in-
dividual tooth formation supports this estimate.
Liversidge and Molleson’s (12) method for de-
ciduous teeth yields a minimum of 1.98 T 0.31
years and a maximum of 3.48 T 0.69 years; most
estimates are between 2.38 T 0.35 to 2.87 T 0.53
years. Similar findings were obtained with an
alternative approach (13, 14) for deciduous
and permanent teeth; on the basis of charts for
males, the minimum age is roughly 1.9 years T
8 months and the maximum is 4 years T 6 months;
other ages lie between 2 and 3 years—with most
near the higher end of this range. On the basis of
these estimates, the USRS human remains rep-
resent the second youngest individual of this pe-
riod recovered in the Americas, after Anzick (15).

Fig. 2. Stratigraphic profiles and radiocarbon date locations for Upward Sun River. (Inset) Stratigraphic profile locations on the excavation grid. For radiocarbon
dates, s denotes split samples. Illustrated strata comprise the uppermost lithostratigraphic unit. IV, upper silt loess. See SOM Text for sediment and soil descriptions.
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Although samples of deciduous or permanent
teeth from populations are necessary to indicate
biological affinity, some general information
can be gleaned on an individual level. Slight
shoveling and double shoveling in the unerupted
permanent upper incisors and canines, among
other diagnostic traits (16), are suggestive of a
Sinodont pattern characteristic of Northeast Asians
and Native Americans (17).

Skeletal sex determination of children is prob-
lematic; in the present case it is impossible be-
cause the most sexually dimorphic elements, i.e.,
mandible and innominates (18, 19), are missing.

All identifiable faunal remains in this cul-
tural layer were found within the pit, mostly
below the human cremation. The assemblage is
dominated by salmonid fish and small mammals
(Table 1). The presence of ground squirrels with
unfused epiphyses and salmon signify a mid-
summer occupation. Multiple avian taxa were
represented, primarily Tetraoninae (ptarmigan).
Initial analyses indicate that complete carcasses
were brought to the site and processed. Different
elements from food animals are represented, and
most fragments are <2 cm in size, likely due to
differential preservation and fragmentation or
burning (20, 21). More complete element rep-
resentation of microtines suggests that whole
animals (or in the case of ground squirrels, the
remains of cooked animals) were deposited in
the pit/hearth. Differential burn temperatures,

lack of articulation, and high fragmentation sug-
gest that some remains were not associated with
the burial but accumulated during separate cook-
ing or hearth-cleaning events.

More than 350 lithic artifacts were found
directly associated with the house feature, most
(86%) concentrated near the eastern edge (Fig. 3).
The debitage consists of generally small (79%
are <1 cm) tertiary flakes, related to late-stage
tool maintenance rather than tool production.
Four used pieces are associated with the house
and pit: a unifacially retouched flake, two flakes
with light edge modification, and a biface. Ad-

ditional bifaces were in the Main Block (Fig. 4).
Technological characteristics and local concen-
trations of the artifacts suggest activity areas
where tools were used and discarded. No evi-
dence of grave goods (e.g., ornaments) was found,
though two small ochre fragments were present
within the pit-hearth near the human and may
represent ritual activities at the time of burial.

Cultural chronologies for central Alaska are
debated, but currently two broad interpretations
for the late Pleistocene–early Holocene are as
follows: (i) a single broad technological tradi-
tion with variation based on habitat use, sea-

A B

Fig. 3. Plan view of house floor and burial. (Inset A) Spatial position of human remains. (Inset B) Stratigraphic profile of the house floor.

Table 1. Identified fauna from burial pit–hearth and house floor.

Taxon (common name) NISP % NISP % Burned % Complete

Pisces 286 37.9
Oncorhynchus sp. (salmonid) 286 37.9 99 3

Mammalia 442 58.5
Arvicolinae (vole and microtine) 213 28.2 100 10
Urocitellus parryii (ground squirrel) 174 23.0 99 8
Lepus americanus (snowshoe hare) 50 6.6 100 8
Marmota sp. (marmot) 4 0.5 100 0
Sorex sp. (shrew) 1 0.1 100 0

Aves 27 3.6
Tetraoninae (ptarmigan/grouse) 16 2.1 100 18
Paridae (passerine) 10 1.3 100 10
Avian, unknown, possible Picidae 1 0.1 100 0

Total NISP 755 100.0
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sonality, and mobility patterns (22–24); and
(ii) multiple technological traditions represent-
ing different populations (2, 25, 26). The USRS
lithics, site structure, faunal data, and differences
(e.g., lack of microblade technology, broader range
of faunal resources, presence of residential fea-
tures) relative to coterminous sites in the region
(27, 28) support the former interpretation. Al-
though the sample is small, the bipointed bifaces
are similar to those of other Denali Complex
specimens from Carlo Creek (29), Dry Creek
Component 2 (30), and Houdini Creek (31) and
unlike bifaces associated with the Nenana, Mesa,
and Sluiceway Complexes (25, 26, 31, 32). USRS
Component 3 appears to be most closely asso-
ciated with the regionally ubiquitous Denali
Complex (or Paleoarctic tradition) (33).

Only one other ancient burial site is known
for Beringia: Ushki Lake 1, in Kamchatka, Rus-
sia (34–37) (Fig. 1). Ushki Lake 1, Level 7 (Ushki
L7) (~13,000 cal yr B.P.) contained an adult
burial associated with bone beads in a rock-lined
ochre-filled pit separated from the house struc-
tures. Ushki Lake 1, Level 6 (Ushki L6) (~12,000
cal yr B.P.) is roughly contemporaneous with
USRS Component 3 and contains two unburned
burials of children within two separate houses
(35, 36). One child burial contained ochre, a pen-
dant, a mat of lemming incisors, and numerous
microblades and wedge-shaped cores (the second
burial is undescribed) (35). Thus, the USRS burial
context is more like Ushki L6 than L7. This rep-
licates technological linkages between continents:
Diuktai Culture of Ushki L6 is comparable with
the Denali Complex, which dominates the record
from 12,000 to 6000 cal yr B.P. in interior east-
ern Beringia (24, 38), whereas the Ushki Cul-
ture of Ushki L7, associated with stemmed points
and lacking microblades, arguably has no direct
counterpart in North America [(39), but see (34)].

North American human remains of this antiq-
uity are uncommon (Fig. 1). Many were found
in nonburial contexts, including the only other
early eastern Beringian find, at On-Your-Knees

Cave (40); the latter is about 1000 calendar years
younger than the USRS child (41). The USRS
burial shares few similarities with Paleoindian
burials from North America, including those
within pits at Arch Lake, Buhl, Gordon Creek,
Horn Shelter 2, Spirit Cave, Mostin, Whitewater
Draw, and Wilson-Leonard II (2, 42, 43). No
Paleoindian remains were found within houses,
and cremations are known only from Marmes
(44) and Spirit Cave (45). Associated artifacts
interpreted to be grave goods vary by site, but
ochre is relatively common. Child burials are rare
in early contexts, though Anzick (Clovis age) con-
tained a child with numerous ochre-stained ar-
tifacts (15). Thus, USRS appears more similar
to burials in northeast Asia than in central North
America, although samples are small.

The USRS semisubterranean house shares
some similarities with the only other known
Beringian site with houses: Ushki L6 (n = 12
houses). Floors at that site were excavated up to
50 cm (35) and ranged from 9 to 44 m2 in area
(36), sufficient for small groups of individuals.
Both USRS and Ushki L6 contain child burials
in pits within house floors, though the latter were
not cremations. Differences include central stone-
lined hearths (not pit-hearths) and entrance
tunnels at Ushki L6. Six houses exhibit small
pits within their floors, eight have postmolds
around the periphery of the house floor, and four
have them around the hearth (36). The USRS
postmold distributions appear similar to those
in Ushki L6 houses. Cache pits were found with-
in Ushki L6 houses, including one with dimen-
sions similar to those of the USRS pit.

The fish- and small game–dominated assem-
blage and few formal tools at USRS can be
compared with the few other Beringian sites con-
taining preserved fauna, particularly Broken
Mammoth Cultural Zones 3 and 4 where birds
and small mammals combined constitute 62%
and 89% of the total number of identified spec-
imens (NISP), respectively (46). Fish were found
in small quantities at Broken Mammoth Cul-

tural Zone 3 (46). The pattern of broad-spectrum
fauna with bifacial and expedient tools at these
components can be contrasted with the micro-
blade- and composite point–dominated assem-
blage with multiple wapiti and bison at Gerstle
River Component 3, a Denali Complex fall oc-
cupation (27). The USRS evidence suggests that
multiple subsistence strategies operated within
a single archaeological tradition, the Denali Com-
plex: (i) economic specialization, geared to cap-
turing large ungulates in the context of logistically
organized hunting groups and short-term camps;
and (ii) broad-spectrum foraging in the context
of local foraging parties near residential base
camps. Similarities in location, house form, burial
practices, and possibly fauna between Ushki L6
Diuktai Culture [also with large and small mam-
mals, birds, and fish (34)] and USRS Component
3 suggest similar settlement and habitat use, i.e.,
residential occupations near large rivers accessing
a broad spectrum of resources. However, notable
differences between Ushki L6 and USRS com-
plicate comparisons; at the former, semisubter-
ranean houses were interpreted as winter dwellings
interspersed with more ephemeral houses inter-
preted to be summer dwellings, indicating year-
round habitation (36).

A reasonable sequence of events at USRS
can be inferred from these data. A small social
group, including adult females and young chil-
dren, foraged from their residential base camp in
mid-summer, acquiring locally available fish,
birds, and small mammals. The pit was dug with-
in the house and functioned as a cooking hearth,
cooking debris disposal area, and/or cache pit.
The child died and was placed within the pit, with
little evidence of disturbance after cremation. The
pit was backfilled soon after burning, and the
relative lack of artifacts atop the pit fill suggests
immediate abandonment of the house (Fig. 3).
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that control their formation and subsequent evolution. We took advantage of two locally camouflaged
populations of Peromyscus mice to show that the negative regulator of adult pigmentation, Agouti,
also plays a key developmental role in color pattern evolution. Genetic and functional analyses
showed that ventral-specific embryonic expression of Agouti establishes a prepattern by delaying
the terminal differentiation of ventral melanocytes. Moreover, a skin-specific increase in both
the level and spatial domain of Agouti expression prevents melanocyte maturation in a regionalized
manner, resulting in a novel and adaptive color pattern. Thus, natural selection favors late-acting,
tissue-specific changes in embryonic Agouti expression to produce large changes in adult color pattern.
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ganisms in the wild (1). In vertebrates, several
genes involved in pigment type switching (2, 3)
and those necessary for proper pigment pattern-

ing in mice (4, 5) and fish (4, 6, 7) have been de-
scribed; however, such work has focused on
laboratory mutants rather than natural variation.
Therefore, the molecular factors responsible for
color pattern formation and evolution (i.e., the genes
and developmental processes targeted by selec-
tion) remain poorly understood in wild vertebrates.

We took advantage of the striking color pat-
tern variation in natural populations of deer mice
(genus Peromyscus). Mainland mice (P. polionotus
subgriseus) inhabit oldfields with dark soil and
have the most common color pattern observed in
vertebrates: a dark dorsum and light ventrum

1Department of Organismic and Evolutionary Biology,
Harvard University, Cambridge, MA 02138, USA. 2Museum
of Comparative Zoology, Harvard University, Cambridge,
MA 02138, USA.

*To whom correspondence should be addressed. E-mail:
hoekstra@oeb.harvard.edu

Fig. 1. (A and B) Mainland
and beachmice differ in coat
color pattern, which provides
camouflage in their respec-
tive habitats (inset shows lo-
cal soil sample). (C and D)
Position of the boundary
between the dorsal region,
comprising banded andblack
hairs, and ventral region, com-
prising bicolored or white
hairs, in mainland and beach
mice (black dashed lines).
DM, dorsal midline; n = 5
for each subspecies. Error bars
indicate SEM. (E and F) The
position of the dorsoventral
boundary is established be-
fore birth (1-day-old pups).
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The Developmental Role of Agouti
in Color Pattern Evolution
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Animal color patterns can affect fitness in the wild; however, little is known about the mechanisms
that control their formation and subsequent evolution. We took advantage of two locally camouflaged
populations of Peromyscus mice to show that the negative regulator of adult pigmentation, Agouti,
also plays a key developmental role in color pattern evolution. Genetic and functional analyses
showed that ventral-specific embryonic expression of Agouti establishes a prepattern by delaying
the terminal differentiation of ventral melanocytes. Moreover, a skin-specific increase in both
the level and spatial domain of Agouti expression prevents melanocyte maturation in a regionalized
manner, resulting in a novel and adaptive color pattern. Thus, natural selection favors late-acting,
tissue-specific changes in embryonic Agouti expression to produce large changes in adult color pattern.

Variation in pigment type (i.e., color) and
distribution (i.e., color pattern) can have
a profound impact on the fitness of or-

ganisms in the wild (1). In vertebrates, several
genes involved in pigment type switching (2, 3)
and those necessary for proper pigment pattern-

ing in mice (4, 5) and fish (4, 6, 7) have been de-
scribed; however, such work has focused on
laboratory mutants rather than natural variation.
Therefore, the molecular factors responsible for
color pattern formation and evolution (i.e., the genes
and developmental processes targeted by selec-
tion) remain poorly understood in wild vertebrates.

We took advantage of the striking color pat-
tern variation in natural populations of deer mice
(genus Peromyscus). Mainland mice (P. polionotus
subgriseus) inhabit oldfields with dark soil and
have the most common color pattern observed in
vertebrates: a dark dorsum and light ventrum
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Fig. 1. (A and B) Mainland
and beachmice differ in coat
color pattern, which provides
camouflage in their respec-
tive habitats (inset shows lo-
cal soil sample). (C and D)
Position of the boundary
between the dorsal region,
comprising banded andblack
hairs, and ventral region, com-
prising bicolored or white
hairs, in mainland and beach
mice (black dashed lines).
DM, dorsal midline; n = 5
for each subspecies. Error bars
indicate SEM. (E and F) The
position of the dorsoventral
boundary is established be-
fore birth (1-day-old pups).
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(Fig. 1A). Beachmice (P. p. leucocephalus), which
have recently colonized the light-colored sand
dunes of Florida’s Gulf Coast, have evolved adapt-
ive differences in color (i.e., lighter overall pigmen-
tation) and pattern (i.e., absence of pigmentation
on the face, flanks, and tail) relative to their main-
land ancestors (Fig. 1B) (8, 9).

We characterized these differences in adult
pigment pattern of mainland and beach mouse
subspecies by classifying hair into four distinct
types according to the distribution of pigments

along individual hairs and quantifying the pro-
portion of each type along the dorsoventral axis
(10). Although both subspecies have all types of
hair, their distribution differs: The dorsal region,
which has black and banded hairs, is reduced in
beach mice (i.e., the dorsoventral boundary is
shifted upward) and the hairs in their ventral re-
gion entirely lack pigments, whereas mainland
mice have bicolored ventral hairs (i.e., melanic base,
unpigmented tip) (Fig. 1, C and D). These sub-
specific differences in pigment pattern are visible at

birth (Fig. 1, E and F), which indicates that they
are established during embryonic development.

Mutations in three genetic loci explain most
of the pigment variation in adult pelage between
beach and mainland mice (11). We focused on
the locus containing the candidate pigmentation
gene Agouti because in laboratory mice, ventral
Agouti expression is necessary for the establish-
ment of dorsoventral differences in pigmentation
(5, 12–14). Although the developmental mech-
anism throughwhichAgouti acts to establish these
color differences remains unclear, it may contrib-
ute to color pattern evolution in natural populations.

We used a genetic approach to confirm that
Agouti is a causal gene responsible for color
pattern differences between beach and mainland
mice (Fig. 2A and fig. S1) (10). Because there
were no differences in Agouti protein sequence
between beach and mainland mice (11), we mea-
sured the allele-specific expression of Agouti in
the two tissues, skin and testis, where it is ex-
pressed in Mus (15). We found that Agouti ex-
pression is higher in the ventral skin of beach
mice relative to mainland mice (Fig. 2B). In F1
hybrids, the beach mouse (light) allele shows
significantly higher expression than the mainland
(dark) allele (factor of ~17, P = 0.01, one-tailed
Student’s t test; Fig. 2B). This expression level
difference is replicated but smaller in dorsal skin
(factor of ~4, P = 0.015, one-tailed Student’s t
test; fig. S2). By contrast, no Agouti expression
differences were detected in the testes (Fig. 2C).
These data show that mutation(s) in Agouti are
cis-acting and likely involve a skin-specific reg-
ulatory element.

To determine the specific effects of these
Agouti expression differences on color pattern,
we generated Peromyscus individuals homozy-
gous for the light allele of Agouti (Agouti LL) and
dark alleles at the two other implicated pigment
loci (10). Adult Agouti LL mice displayed both
an upward shift in the dorsoventral boundary and
white ventral hairs (Fig. 2, D and E, and fig. S2),
thereby partly recapitulating the derived color pat-
tern of wild beach mice. Because these differences
are apparent at birth (fig. S2), changes in Agouti
expression pattern contribute to changes in pig-
ment pattern through developmental modifications.

We next described typical stages of Pero-
myscus development (fig. S3) and compared
the embryonic expression patterns of dark and
light Agouti alleles. In embryos from mainland
mice, Agouti’s expression was restricted to the
ventral half of the dermis in early developmental
stages (Fig. 3, A and B) and to the ventral dermis
and hair follicles at fetal stages (Fig. 3, C and D).
Thus, Agouti’s expression domain is tightly cor-
related with the light-colored ventrum in adult
skin. This suggests that the color pattern is spa-
tially determined early in embryonic development
by a prepattern established by Agouti. By com-
parison, inAgouti LL embryos, the ventral expres-
sion of Agouti showed an upward shift (Fig. 3F)
that corresponds to the dorsal displacement of
the pigment boundary observed in adult mice. In

Fig. 2. (A) Fine-scale mapping of the causal locus in Peromyscus by quantitative trait loci (QTL) (left) and
recombinant breakpoint analyses (right). (B and C) Quantitative polymerase chain reaction (qPCR)
analyses of Agouti mainland (dark) and beach (light) allele transcript levels in the ventral skin and testes
of mainland mice, beach mice, and their F1 hybrids (n = 3 to 6 for each strain) (2^ct is the inferred
difference in transcript level of Agouti relative to the control gene b-actin). (D) Coat color pattern of
Agouti LL mice. (E) Pigment of ventral hairs and position of dorsoventral (DV) boundary in mainland,
beach, and Agouti LL mice. DM, dorsal midline; n = 5 for each strain. Error bars indicate SEM.
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addition, ventralAgouti expressionwas significant-
ly higher in Agouti LL than in mainland embryos
[by a factor of ~4.9 at embryonic day 12 (E12) and
by a factor of ~4.4 at E14, P= 0.03 and P= 0.003,
respectively; one-tailed Student’s t tests] (Fig. 3, I
and J); these differences were allele-specific
(fig. S2) and correlated with the presence or ab-
sence of adult pigmentation in the ventrum.
These findings suggest that modifications in the
embryonic prepattern defined by Agouti contrib-
ute to color pattern evolution in beach mice.

In vitro studies suggested that Agouti may
also cause melanocyte dedifferentiation by down-
regulating pigment cell–specific genes (16–18).
We tested how Agouti expression changes af-
fected melanocyte behavior in vivo by comparing
the distribution and maturation of melanocytes
during Peromyscus embryogenesis. We used
Trp2 (also known as Dct) and Trp1, two enzymes
consecutively expressed in melanocytes during
both their migration in the dermis and maturation
in hair follicles, as markers of early and late
differentiation, respectively (19). In both main-
land and Agouti LL E14 embryos, Trp2+ melano-
cytes had colonized the entire embryonic dermis
(fig. S4), which demonstrates that the formation
of dorsoventral color differences and the evolu-

tion of the novel color pattern are not caused by
changes in melanocyte migration. By contrast,
fully differentiated (Trp1+) melanocytes were re-
stricted to a dorsal region complementary to the
ventral domain of Agouti expression (Fig. 3, K
and L, and fig. S5), which suggests that their
distribution early in development is restricted by
the extent of Agouti expression.

During late fetal stages, Trp2+ cells success-
fully colonized hair follicles in the dorsum, but in
the ventrum they were confined to the dermis
(fig. S4) and were fewer in number and prolif-
erated less (fig. S6); therefore, melanocyte dif-
ferentiation and proliferation were impaired in
this region. Dorsal Trp1+ melanocyte behavior
inAgouti LL fetuses was similar to that observed
in mainland mice (Fig. 3, M and O). However, in
the ventrum, Trp1+ melanocytes were present but
did not reach the epidermal compartment or hair
follicles, as they did in mainland fetuses (Fig. 3,
N and P), and thus remained similar in distribu-
tion to less mature (Trp2+) melanocytes (fig. S4).
These results suggest that increased ventral ex-
pression levels of Agouti repress the terminal
differentiation of ventral melanocytes and their
colonization into the epidermis, and that this is
the developmental mechanism by which the

absence of pigmentation in the beach mouse
ventrum and flanks evolved.

To functionally test Agouti’s embryonic role
in vivo, we took advantage of a natural strain of
Peromyscus (“non-Agouti,”NA) in which a large
deletion in the Agouti locus results in a loss of
function (20). NA mice, as in Mus musculus
Agouti mutants (21), displayed no visible pat-
terning, with a homogeneously black color (Fig.
4A) present at birth (Fig. 4B). This observation
confirms that Agouti is necessary for establishing
color pattern in Peromyscus. The melanocytes in
NA embryos expressed both Trp2 and Trp1 in the
ventral dermis (Fig. 4D and fig. S7), and, at fetal
stages, Trp1+ cells localized in the hair follicles
(Fig. 4F) to produce pigments (fig. S8) similar to
dorsal melanocytes (Fig. 4E), whereas Trp2 ex-
pression was no longer detectable (fig. S7). These
results, consistent with previous in vitro studies
(17, 18), clearly demonstrate in vivo that Agouti
represses the terminal maturation of Trp1+/Trp2+

melanocytes in the ventral embryonic skin.
To further understand Agouti’s function during

development, we used ultrasound-assisted retro-
viral infection in utero to ectopically express
Agouti in the hair follicles of mainland embryos
(22). Embryos collected 10 days after injection

Fig. 3. (A to H) In situ hybridization against Agouti in mainland (top) and Agouti LL (bottom)
embryos. Agouti expression is shown at E12 and E14 in the dermis of embryos; arrowheads
indicate the dorsal limit of Agouti expression in mainland (brown) and Agouti LL (orange)
embryos. Tissue sections show Agouti expression in the ventral and dorsal skin and hair follicles of
E22 fetuses. Enlargements correspond to the areas outlined by rectangles. (I and J) Relative
Agouti transcript levels at E12 and E14 in the dorsal and ventral regions of mainland and Agouti
LL embryos quantified by qPCR. (K to P) Distribution of melanocytes (arrowheads) stained with
antibody to Trp1 (in white) along the dorsoventral axis in transverse sections at E14 (schemes

based on embryos in fig. S5) and E22 relative to the future position of the dorsoventral pigment boundary (dotted lines). (Q and R) Relative proportions of Trp1+

melanocytes within the dermal or the epidermal compartments at E22. Error bars indicate SEM. nt, neural tube; n, notochord; end, endoderm; ect,
ectoderm; d, dermis; ep, epidermis.
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(10) displayed a robust ectopic expression of
Agouti in all neural-derived GFP+ (green fluo-
rescent protein–positive) cell lineages, including
melanocytes and epidermal cells of the hair
follicle wall (Fig. 4, G to L). GFP+ melanocytes
were detected in both the dorsal and ventral
parts of the fetal skin (Fig. 4,G and J), con-
firming that Agouti does not interfere with dorsal-
ventral melanocyte migration. In the dorsum,
many Trp1+ melanocytes were present in hair
follicles infected with viruses containing control
GFP only (Fig. 4, H and O), whereas their
numbers decreased in mice infected with the
virus expressing Agouti (Fig. 4, K to O). This
finding confirms that higher expression of Agouti
prevents melanocytes from undergoing terminal
differentiation in the epidermis.

Our results indicate that the level and extent
of Agouti expression during development affects
adult color pattern by modulating the degree of
repression of a terminal step in melanocyte dif-
ferentiation. In mainland mice, where Agouti is
expressed at low levels in the ventrum, ventral
melanocyte differentiation is delayed, which leads
to the formation of partially pigmented (bicolored)
hairs (fig. S8). In beach mice, changes in Agouti
expression contribute to the evolution of their
novel and adaptive color pattern. Specifically, in
Agouti LL individuals, the expression of Agouti
in a new spatial domain causes an upward shift in
the pigment boundary, and an increase in its ex-
pression level completely prevents ventral melano-
cytematuration, leading to an absence of pigment
production in ventral hairs.

Although Agouti’s role in adult pigmentation
and its pleiotropic effects on obesity (2, 3, 23) have
been well described, our study has identified a de-
velopmentalmechanism throughwhich the region-
specific expression ofAgouti controls the distribution
of pigments across the body.Here,Agouti establishes
an embryonic prepattern that subsequently evolved
through skin-specific changes toAgouti expression,
which in turn affect the late stages of pigment cell
differentiation, thereby minimizing pleiotropy in
two ways. Because some minimally pleiotropic
developmental loci might constitute “hotspots”
for morphological evolution (24–27), one may
speculate that even small changes in Agouti ex-
pression during embryogenesis contribute to the
establishment of more complex vertebrate pig-
ment patterns.
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Fig. 4. (A) Adult non-Agouti (NA) Peromyscus mice have a homogeneously
black coat. (B) Lack of dorsoventral color difference is visible at birth. (C to F)
Dorsal and ventral views of NA skins at E14 and E22 stained with a Trp1
antibody (arrowheads). (G to L) Transgenic expression of murine leukemia
retroviruses (MLVs) coding for the nuclear GFP-only or the Peromyscus Agouti
gene with the nuclear GFP are shown in whole-mount embryos or transverse
views of dorsal GFP+ hair follicles stained with GFP (in green) and Trp1 (in red).

In (I) and (L), robust ectopic expression of Agouti is detected in dorsal hair
follicles infected with the GFP/Agouti virus but is absent from the control, GFP+,
dorsal hair follicles. (M and N) Dorsal and ventral hair follicles (stained with the
nuclei marker Dapi in blue) containing typical numbers of Trp1+melanocytes (in
green). (O) Percentage of GFP+ hair follicles (HF) containing 0, 1, 2, or >3 Trp1+

cells for the control (left) and the GFP/Agouti (right) viruses. d, dermis; ep,
epidermis.
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Global Invasion History of the Fire Ant
Solenopsis invicta
Marina S. Ascunce,1,2* Chin-Cheng Yang,1,3* Jane Oakey,4 Luis Calcaterra,5 Wen-Jer Wu,3

Cheng-Jen Shih,3 Jérôme Goudet,6 Kenneth G. Ross,7 DeWayne Shoemaker1†

The fire ant Solenopsis invicta is a significant pest that was inadvertently introduced into the southern
United States almost a century ago and more recently into California and other regions of the world.
An assessment of genetic variation at a diverse set of molecular markers in 2144 fire ant colonies from
75 geographic sites worldwide revealed that at least nine separate introductions of S. invicta have
occurred into newly invaded areas and that themain southern U.S. population is probably the source of all
but one of these introductions. The sole exception involves a putative serial invasion from the southern
United States to California to Taiwan. These results illustrate in stark fashion a severe negative
consequence of an increasingly massive and interconnected global trade and travel system.

Invasive species pose major threats to agricul-
ture, natural environments, and public health
(1–4). Such species can displace native fauna,

reduce biodiversity, serve as pathogen vectors, or
impair ecosystem services (3, 4). Given that most
invasions are shaped by trends in human trans-
port, their frequency of occurrence will probably
increase with increasing global trade and travel
(4–7). An important task in developing strategies
to prevent or mitigate future invasions is to re-
construct the history and routes of introduction of
exotics. Such knowledge facilitates the design of
monitoring or quarantine programs targeting
source areas or key transportation routes and
provides necessary information for identifying
effective biological control agents (3, 8). Knowl-
edge of the source of invading populations, and
the genetic data on which this information is
based, also inform hypotheses concerning the en-
vironmental and evolutionary factors responsible
for successful biological invasions (3, 8).

Fire ants (Solenopsis invicta) were inadvertent-
ly introduced into the United States early in the past
century as stowaways in cargo shipped from their

nativeSouthAmerican range (9). They rapidly spread
throughout the southern United States and, more
recently, have been introduced to California and
other regions of the world, including the Caribbe-
an, Australia, New Zealand, Taiwan, Hong Kong,
Macao, and China [collectively referred to as
newly invaded areas (NIAs)]. The economic im-
pact of fire ant infestations is enormous, with cur-
rent estimated costs of control, medical treatment,
and damage to property in the United States alone
greater than $6 billion annually (10). Moreover,
models of future range expansion based primarily
on historical temperature and precipitation data show
the potential for this ant to become established
over almost half of terrestrial land masses (11).
Clearly, a firm understanding of the patterns of glob-
al invasion by S. invicta is needed to assist efforts to
curtail or reduce the impact of future introductions.

We sampled 2144 S. invicta colonies from 75
geographic sites distributed throughout the na-
tive, southern United States, and NIA ranges
(table S1 and Fig. 1). We extracted DNA from a
single individual per colony and generated geno-
types at 66 nuclear microsatellite markers. We
also sequenced portions of themitochondrial DNA
(mtDNA) genome and the nuclear gene Gp-9 for
individuals from large subsets of these colonies.
We identified 322 unique mtDNA haplotypes, the
majority ofwhich (311)were confined to ants from
the native range. Among the remainder, only three
haplotypes were found in any NIAs (table S2).
Although these three variants are effectively absent
from most of the native range, occurring only at
low frequencies (<5%) in eight populations in
northeastern Argentina, the likely source area for
S. invicta in the United States (12), they are the

dominant haplotypes in the southern United States
(Fig. 1 and table S2). This limitation of NIA hap-
lotype variation to the three most common U.S.
haplotypes suggests that the southernUnited States
is the primary source of the NIA populations. Re-
sults from analyses of the highly variable nuclear
gene Gp-9 parallel the mtDNA results (fig. S1).

Bayesian genetic clustering analyses imple-
mented in the program STRUCTURE (13) were
run using the microsatellite genotypes. Almost
all individuals were assigned with high probability
(membership coefficients > 0.85) to one of two
distinct clusters (K = 2), one consisting of ants
from non-native areas (NIAs and the southern
United States) and the other of ants from South
America (Fig. 1A). The exception to this pattern
involves three sites in northeastern Argentina:
Clorinda, Herradura, and Formosa (called the
ForA group henceforth), where individuals con-
sistently had significant membership in both clus-
ters (Fig. 1A), as expected if this area served as the
original source (12). STRUCTURE simulations
with higher values of K support these findings
(figs. S2 and S3), as do simulations limited to the
subset of individuals from just the introduced
areas and the native ForA group (fig. S4). The
consistent distinction in microsatellite variation
between ants from introduced and native areas is
concordant with the mtDNA and Gp-9 results in
suggesting that theUnited States is the immediate
source of all NIA ants. Several additional anal-
yses of the microsatellite data further substantiate
this conclusion (figs. S5 to S7).

Although these results point to theUnited States
rather than South America as the source of ants
in NIAs, a result in keeping with the presumed
disparity in propagule pressure related to the dif-
fering scales of the respective global transporta-
tion networks, they do not distinguish between
the possibilities that NIA populations result from
separate, independent introductions from theUnited
States or, instead, from one or more serial intro-
duction events, whereby ants in some NIAs are de-
rived from another NIA. Results of STRUCTURE
simulations using microsatellite data from inva-
sive areas only (southern United States + NIAs)
provide initial evidence that most or all NIA pop-
ulations are independently derived from the United
States (Fig. 1 and fig. S8). These simulations
identified eight genetic clusters, distinctive sets of
which correspond to each major geographic re-
gion (the United States; Taiwan; mainland China,
Hong Kong, and Macao; and Australia); the sole

1USDA-ARS Center for Medical, Agricultural, and Veterinary
Entomology, 1600/1700 Southwest 23rd Drive, Gainesville, FL,
USA. 2Florida Museum of Natural History, University of Florida,
Gainesville, FL, USA. 3Department of Entomology,National Taiwan
University, Taipei, Taiwan. 4BiosecurityQueensland,Brisbane, Queens-
land, Australia. 5U.S. Department of Agriculture–Agricultural
Research Service (USDA-ARS) South American Biological Control
Laboratory, Buenos Aires, Argentina. 6Department of Ecology and
Evolution, University of Lausanne, Lausanne, Switzerland. 7Depart-
ment of Entomology, University of Georgia, Athens, GA, USA.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
dewayne.shoemaker@ars.usda.gov

Fig. 1. Proposed global invasion pathways for Solenopsis invicta based on 67
nuclear markers and mtDNA sequences. (A) Assignment of 2144 individuals to
K=2 nuclear genetic clusters and 938 individuals from introduced populations to
K = 8 clusters inferred from STRUCTURE simulations. (B) Genetic clusters for the
United States, Taiwan, China (including Hong Kong and Macao), Australia, and
South America, analyzed separately. Clusters for each introduced population are
demarcated in brackets, with K = 4 for the United States, K = 2 for Taiwan, K = 2
for China, and K = 3 for Australia. Current native and introduced ranges of
S. invicta are in gray. Small circles indicate sample sites, with the color of each
circle corresponding to the cluster to which sampled individuals were assigned
(black circles in the native range represent sites not belonging to the ForA group).

The first years of detection in the southern United States and at each NIA site also
are indicated. Pie diagrams indicate mtDNA haplotype frequencies for individuals
assigned to each of the introduced or native populations. The three common
mtDNA haplotypes in NIAs and the United States are indicated in orange
(H5_AT1), blue (H22_AT1), and green (H36_AT1); the remaining haplotypes
(pooled) are shown in gray. Native-range haplotype frequencies are shown only
for sites that are the presumed source of the U.S. populations, the ForA group
(For, Formosa; Her, Herradura; CL, Clorinda). Gray arrows depict nine inferred
routes of invasion into NIAs (labeled by predominant STRUCTURE cluster); black
dashed arrows represent two separate invasions from South America to the United
States (22). AUS, Australia; CA, California; SA, South America.
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exception concerns a genetic cluster well repre-
sented in both Taiwan and California (fig. S8).
STRUCTURE simulations run separately on each
regional NIA support the existence of two or
more distinct genetic clusters within each, with
individual clusters corresponding almost perfectly
to single sample sites or groups of sites (Fig. 1).
These NIA clusters are also well represented in
the southern United States. These results suggest
two ormore recent invasions from theUnited States
into each major regional NIA (14, 15). In total, we
identified nine putative introductions into NIAs,
each represented by a distinct genetic cluster (two
each for Taiwan, China, and California, and three
for Australia; Fig. 1). This conclusion that NIA
ants are directly derived from the United States is
well supported by additional population genetic
analyses (figs. S5, S9, and S10, and table S3).

Finally, we inferred the sources of the nine
NIA introductions using a model-based Bayesian
inference framework [approximate Bayesian com-
putation (ABC)] that assumes complex demograph-
ic scenarios such as those characterizing colonization
events (16). The final selected scenarios based
on the cumulative results under three scenarios
and various parameter settings (fig. S11) (13) are
presented in Fig. 1. In virtually every simulation
using site data, a scenario of separate introductions
from the United States into each NIA was sup-
ported with very high probability relative to the
alternative serial introduction scenario (table S4A).
The only exception involves a putative serial intro-
duction whereby fire ants in southern Taiwan are de-
rived from a California population, which itself is
derived from an earlier introduction from the south-
ern United States. Results for ABC analyses using
STRUCTURE-defined genetic clusters within geo-
graphic regions are similar, but in a few instances
suggestmore specific U.S. source locations for some
of the NIA populations (Fig. 1 and table S4B).

Our study indicates that fire ants have been in-
troduced on no fewer than nine separate occasions
toCalifornia, Asia, andAustralia from the southern
United States, where S. invicta populations previ-
ously were confined for decades. We consider this
a minimum estimate, because our NIA sample col-
lections were not geographically exhaustive, and
analyses of a few individuals obtained in Trinidad
and New Zealand (from intercepted colonies) sug-
gest that these ants also originated in the United
States (fig. S2). Although we find little evidence
for serial introductions among regional NIA popu-
lations, long-distance human-mediated transport
of S. invicta after an initial introduction probably
explains the dispersion of a single genetic cluster
(China_2) across several hundred kilometers in
China (Fig. 1). Such long-distance transport evi-
dentlywas responsible formuch of the early spread
of the ant within the southern United States (17).

Repeated introductions of an invasive organism
from a single source population which was itself
established by recent invasion has been termed the
invasive bridgehead effect (18–20). Although it is
predicted to be common (7), empirical demon-
strations of the effect are limited (18, 19). None-

theless, its occurrence has implications both for
understanding evolutionary shifts associated with
introductions and for developing effective man-
agement strategies. For instance, our finding of
repeated successful introductions of S. invicta from
the southern United States suggests that particular
population traits associated with its success there
may have pre-adapted these ants for ready col-
onization of other areas. Alternatively, the repeated
introductions could reflect higher propagule pres-
sure from the United States relative to native areas,
given that the probability of introductions increases
with escalating traffic flow in global transportation
networks (7). The utility of data such as ours for
identifying and modifying specific means of con-
veyance responsible for fire ant invasions remains
unclear. This is because fire ants, like many other
invasive insects, are probably transported as cargo
stowaways, the invasion potential of which is de-
fined more by the tempo and mode of transport (a
proxy for propagule pressure) than by any specific
attributes of the commodity (21). Nonetheless, be-
cause invasions tend to originate from locations
with high cargo movement volume that are highly
connected to the transport network, the integration
of knowledge of invasion routes with details of
transport networks may usefully inform the deploy-
ment of such measures as targeted surveillance and
incursion response actions designed to limit the risk
of spreadof stowawayswithin transport networks (7).
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Cascading Effects of Bird Functional
Extinction Reduce Pollination
and Plant Density
Sandra H. Anderson,1 Dave Kelly,2* Jenny J. Ladley,2 Sue Molloy,2 Jon Terry2

Reductions in bird numbers could hamper ecosystem services such as pollination, but experimental proof is
lacking. We show that functional extinction of bird pollinators has reduced pollination, seed production, and
plant density in the shrub Rhabdothamnus solandri (Gesneriaceae) on the North Island (“mainland”) of New
Zealand but not on three nearby island bird sanctuaries where birds remain abundant. Pollen limitation of
fruit set is strong [pollen limitation index (PLI) =0.69] and significant on the mainland but small (PLI = 0.15)
and nonsignificant on islands. Seed production per flower on the mainland is reduced 84%. Mainland sites
have similar adult densities, but 55% fewer juvenile plants per adult, than island sites. Seed addition
experiments near adult R. solandri plants on themainland found strong seed limitation 5 years after sowing for
R. solandri but not for two other co-occurring woody species. This demonstrates a terrestrial trophic cascade.

Bird species have declined in range and
density worldwide, raising concerns that
the ecological services they provide, such

as pollination and dispersal, may fail (1–5),
with cascading impacts on biodiversity. However,
there are few documented cases where failure of
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exception concerns a genetic cluster well repre-
sented in both Taiwan and California (fig. S8).
STRUCTURE simulations run separately on each
regional NIA support the existence of two or
more distinct genetic clusters within each, with
individual clusters corresponding almost perfectly
to single sample sites or groups of sites (Fig. 1).
These NIA clusters are also well represented in
the southern United States. These results suggest
two ormore recent invasions from theUnited States
into each major regional NIA (14, 15). In total, we
identified nine putative introductions into NIAs,
each represented by a distinct genetic cluster (two
each for Taiwan, China, and California, and three
for Australia; Fig. 1). This conclusion that NIA
ants are directly derived from the United States is
well supported by additional population genetic
analyses (figs. S5, S9, and S10, and table S3).

Finally, we inferred the sources of the nine
NIA introductions using a model-based Bayesian
inference framework [approximate Bayesian com-
putation (ABC)] that assumes complex demograph-
ic scenarios such as those characterizing colonization
events (16). The final selected scenarios based
on the cumulative results under three scenarios
and various parameter settings (fig. S11) (13) are
presented in Fig. 1. In virtually every simulation
using site data, a scenario of separate introductions
from the United States into each NIA was sup-
ported with very high probability relative to the
alternative serial introduction scenario (table S4A).
The only exception involves a putative serial intro-
duction whereby fire ants in southern Taiwan are de-
rived from a California population, which itself is
derived from an earlier introduction from the south-
ern United States. Results for ABC analyses using
STRUCTURE-defined genetic clusters within geo-
graphic regions are similar, but in a few instances
suggestmore specific U.S. source locations for some
of the NIA populations (Fig. 1 and table S4B).

Our study indicates that fire ants have been in-
troduced on no fewer than nine separate occasions
toCalifornia, Asia, andAustralia from the southern
United States, where S. invicta populations previ-
ously were confined for decades. We consider this
a minimum estimate, because our NIA sample col-
lections were not geographically exhaustive, and
analyses of a few individuals obtained in Trinidad
and New Zealand (from intercepted colonies) sug-
gest that these ants also originated in the United
States (fig. S2). Although we find little evidence
for serial introductions among regional NIA popu-
lations, long-distance human-mediated transport
of S. invicta after an initial introduction probably
explains the dispersion of a single genetic cluster
(China_2) across several hundred kilometers in
China (Fig. 1). Such long-distance transport evi-
dentlywas responsible formuch of the early spread
of the ant within the southern United States (17).

Repeated introductions of an invasive organism
from a single source population which was itself
established by recent invasion has been termed the
invasive bridgehead effect (18–20). Although it is
predicted to be common (7), empirical demon-
strations of the effect are limited (18, 19). None-

theless, its occurrence has implications both for
understanding evolutionary shifts associated with
introductions and for developing effective man-
agement strategies. For instance, our finding of
repeated successful introductions of S. invicta from
the southern United States suggests that particular
population traits associated with its success there
may have pre-adapted these ants for ready col-
onization of other areas. Alternatively, the repeated
introductions could reflect higher propagule pres-
sure from the United States relative to native areas,
given that the probability of introductions increases
with escalating traffic flow in global transportation
networks (7). The utility of data such as ours for
identifying and modifying specific means of con-
veyance responsible for fire ant invasions remains
unclear. This is because fire ants, like many other
invasive insects, are probably transported as cargo
stowaways, the invasion potential of which is de-
fined more by the tempo and mode of transport (a
proxy for propagule pressure) than by any specific
attributes of the commodity (21). Nonetheless, be-
cause invasions tend to originate from locations
with high cargo movement volume that are highly
connected to the transport network, the integration
of knowledge of invasion routes with details of
transport networks may usefully inform the deploy-
ment of such measures as targeted surveillance and
incursion response actions designed to limit the risk
of spreadof stowawayswithin transport networks (7).
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Cascading Effects of Bird Functional
Extinction Reduce Pollination
and Plant Density
Sandra H. Anderson,1 Dave Kelly,2* Jenny J. Ladley,2 Sue Molloy,2 Jon Terry2

Reductions in bird numbers could hamper ecosystem services such as pollination, but experimental proof is
lacking. We show that functional extinction of bird pollinators has reduced pollination, seed production, and
plant density in the shrub Rhabdothamnus solandri (Gesneriaceae) on the North Island (“mainland”) of New
Zealand but not on three nearby island bird sanctuaries where birds remain abundant. Pollen limitation of
fruit set is strong [pollen limitation index (PLI) =0.69] and significant on the mainland but small (PLI = 0.15)
and nonsignificant on islands. Seed production per flower on the mainland is reduced 84%. Mainland sites
have similar adult densities, but 55% fewer juvenile plants per adult, than island sites. Seed addition
experiments near adult R. solandri plants on themainland found strong seed limitation 5 years after sowing for
R. solandri but not for two other co-occurring woody species. This demonstrates a terrestrial trophic cascade.

Bird species have declined in range and
density worldwide, raising concerns that
the ecological services they provide, such

as pollination and dispersal, may fail (1–5),
with cascading impacts on biodiversity. However,
there are few documented cases where failure of
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dispersal mutualisms has caused a plant popula-
tion to decline (1, 6, 7) and no known cases from
pollination failure (8).

The possible failure of ecological services
provided by birds is a particular concern for
Oceania, where avifaunas have suffered extensive
extinctions and range reductions from human
impact (9), and bird pollination is important
(3, 10). New Zealand has lost 49% of its land bird
species (11, 12), leaving it with only “the wreck-
age of an avifauna” (13) and raising concern about
whether bird pollination and dispersal are ade-
quate (10, 14–16). Although all three important and
previously widespread endemic bird pollinators
(17) are still extant, onlyone (the tui,Prosthemadera
novaeseelandiae,Meliphagidae) is still common
on the upper North Island. The other two im-
portant pollinators [bellbird, Anthornis melanura,
Meliphagidae; and stitchbird, Notiomystis cincta,
Notiomystidae (18)] were extirpated from the
mainland of the upper North Island around 1870
whenmammalian predators arrived, but both spe-
cies survive on small adjacent northern islands
(19), and bellbirds also occur further south on
the mainland (New Zealand’s large extensively
modified North and South Islands). Hence, there
is an opportunity to test the consequences of
functional extinction on bird-pollinated native
plants by comparing replicated, paired mainland
and island sites. The island sites are nature re-
serves free of introduced mammalian predators,
so still approximate the prehuman avian commu-
nity (17), whereas only 4 to 20 km away the
mainland has many mammalian pests and a
depleted avifauna (20).

We studied Rhabdothamnus solandri (Ges-
neriaceae), a bird-pollinated endemic New Zealand
shrub that grows in the forest understory throughout
the upper half of the North Island (21, 22). R.
solandri has orange ornithophilous flowers with a
10-mm-long tube (Fig. 1).The flowers arevisitedonly
by the three endemic specialist pollinators—bellbirds,
tui, and stitchbirds (23, 24)—plus native silvereyes
(Zosterops lateralis, Zosteropidae) (25). Silvereyes
are generalists with relatively short tongues and
usually rob nectar from R. solandri by ripping the
corolla tube, so theymaynot be effective pollinators.

Pollination success of R. solandri was mea-
sured in two replicate regions (Auckland and
Whangarei) on three island nature reserves (Lit-
tle Barrier and Tiritiri Matangi near Auckland
and Lady Alice near Whangarei) and at five
adjacent mainland sites [two near Auckland and
three near Whangarei (26)]. The islands have
abundant tui, bellbirds, and (on Little Barrier
and Tiritiri Matangi only) stitchbirds, plus low
numbers of silvereyes. In contrast, the mainland
sites have similar numbers of tui, no bellbirds,

no stitchbirds, and abundant silvereyes [differ-
ences in 5-min bird counts were significant for all
species except tui (table S4)]. In both island and
mainland locations, bagged (pollinator-excluded)
flowers showed very low fruit set, and hand-
cross-pollinated flowers showed high fruit set
(Fig. 2A), but there was a highly significant effect
of location on natural fruit set [significant loca-
tion by treatment interaction (table S1)]. On is-
lands, natural (bird-accessible) flowers had equally
high fruit set as hand-pollinated flowers (P= 0.44,
post hoc means comparison), showing extremely
good natural pollination, whereas on the mainland
natural flowers set far fewer fruits than hand-
crossed flowers (P < 0.001), showing strong pol-
lination failure. Overall, the pollen limitation
index (PLI) (27) showed no significant difference
between the two regions but significant effects
of location (table S2): On the islands, the PLI
averaged 0.15, compared with 0.69 on the main-
land (i.e., on the mainland, 69% of fruits that could
have been set were lost through inadequate
pollination).

As well as reducing fruit set, pollination lim-
itation also reduced fruit size, which is a signif-
icant predictor of seed number per fruit (26),
thereby reducing total seed production further. In
the Auckland area, estimated seeds per fruit (Fig.
2B) showed the same pattern as fruit set, with
significant effects of island versus mainland
location (F1,239 = 25.1, P < 0.001), pollination
treatment (F2, 239 = 52.4,P < 0.001), and location
by treatment (F2, 239 = 11.4, P < 0.001). Just as
with fruit set, on islands naturally pollinated fruits
had as many seeds as hand-pollinated fruits (P =
0.48), whereas on the mainland naturally polli-
nated fruits had significantly fewer seeds (P <
0.001). Combining the proportion of fruit set and
seeds per fruit, naturally pollinated flowers av-
eraged 0.582 × 398 = 232 seeds per flower on
islands but only 0.215 × 168 = 37.0 seeds per
flower on the mainland, a reduction of 84% on
the mainland.

In addition to the comparison of pollination
treatments at matched island and mainland sites,
there is other direct evidence that fruit set was
reduced because of inadequate bird visitation.
Flowers were scored for evidence that they had
been visited by birds [rubbing on the pollen disc
(Fig. 1), caused when birds insert their beaks to
feed on nectar]. There was a much higher per-
centage of bird-visited flowers on islands (78.8%)
than on the mainland (25.2%), and the difference
was highly significant [binomial generalized lin-
ear model (GLM), location chi-square = 257.9,
df = 1, P < 0.001; region was nonsignificant, chi-
square = 3.27, df = 1, P= 0.07]. Flowers caged in
the Auckland region with wire mesh to exclude
birds, but not pollinating insects, had very low
fruit set (comparable to bagged flowers), both on
Tiritiri Matangi island (6.8%, n = 4 plants) and
on the adjacent mainland (mean 3.1%, n = 4
plants), showing that birds are essential for pol-
lination. Observations of R. solandri flowers in
the Whangarei region showed regular visits by

bellbirds on Lady Alice island (mean visitation
rate 0.239 s of bird visit per flower per hour), but
on the mainland zero visits by bellbirds and only
rare visits by silvereyes. Similarly, in the Auck-
land region flowers on islands were visited by
stitchbirds (Little Barrier and Tiritiri) and bellbirds
(Tiritiri), whereas on the mainland the only visitors
seen were silvereyes. Nectar robbing by silvereyes,
revealed by slit corolla tubes, was always rare on
islands (means 3.2% of flowers near Whangarei
and 4.3% near Auckland) compared with the
mainland [14.1 and 79.2% in Whangarei and
Auckland regions, respectively; significant effects
of island versus mainland location (binomial
GLM, Chisq = 160.0, df = 1, P < 0.001), region
(Chisq = 165.6, P < 0.001), and location by
region (Chisq = 12.3, P < 0.001)]. These data
reinforce the conclusion that a shortage of visits
by endemic bird pollinators on the mainland is
the cause of the failure of seed production and
that recently self-introduced silvereyes (19) are
not effective substitute pollinators.

Interestingly, this pattern of few bird visits to
flowers on the mainland and frequent nectar rob-
bing by silvereyes was already established by
1902 (21). If, as we believe likely, pollination
failure began around 1870 when bellbirds and
stitchbirds vanished from the upper North Island,
there should have been time for reduced regen-
eration of R. solandri to become evident. This
appears to be the case, with plot surveys in forested
areas containing R. solandri showing similar den-
sities of adult plants (≥30 cm tall) on mainland
versus island sites (Fig. 3;F1,52 = 0.347, P= 0.558)
but significantly lower densities of juveniles (<30

1School of Biological Sciences, University of Auckland, Private
Bag 92019, Auckland 1010, New Zealand. 2School of Bio-
logical Sciences, University of Canterbury, Private Bag 4800,
Christchurch 8140, New Zealand.

*To whom correspondence should be addressed. E-mail:
dave.kelly@canterbury.ac.nz

Fig. 1. A flower of R. solandri viewed from un-
derneath, showing the narrow 10-mm-long corolla
tube and the ridged fused pollen disc that is marked
if the flower has been visited by a bird. The stigma
elongates after pollen presentation is finished, so
the flowers require bird visitors for successful fruit
set. [Credit: M. Walters, University of Canterbury]
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cm tall) on the mainland (F1, 52 = 5.73, P= 0.020).
Islands had an excess of juveniles compared with
adults, as predicted for a continuously regenerat-
ing population, whereas the mainland had fewer
juveniles than adults, consistent with historical
recruitment failure. The number of juveniles per
adult was 1.490 on islands but only 0.662 on the
mainland, a reduction of 55%. There are no data
on how longR. solandri plants take to reach 30 cm
tall in the field; two-year-old seedlings in fertilized
pots in a glasshouse averaged 26 cm tall, but field
growth rates are likely to be very much slower.

The plot surveys strongly suggest regener-
ation failure, but even replicated observational
data are vulnerable to confounding factors. We
carried out a manipulative experiment to test for
regeneration failure. If R. solandri is declining on
the mainland because of inadequate pollination,

seed addition should result in increased densities
of seedlings, compared with adjacent unsown
plots. We set up experimental seed additions in
2003 at three mainland sites in the Whangarei
region, adding seed ofR. solandri and also of two
locally common small trees that were not be-
lieved to be pollen limited (Melicytus ramiflorus
and Geniostoma ligustrifolium). Our prediction
was that all three species would show higher
numbers of seedlings germinating immediately
in sown plots but that only for R. solandri would
these seedlings persist long-term, because the
other two species were predicted to be microsite-
limited not seed-limited. This was exactly what
was found. The number of surviving seedlings
per plot after one year (February 2004) was sig-
nificantly higher in sown than unsown plots for
R. solandri (7.5 versus 0.4 seedlings per 10- by
20-cm plot,F1, 52 = 25.1,P < 0.001),M. ramiflorus
(1.4 versus 0.10, F1, 52 = 23.2, P < 0.001), and

G. ligustrifolium (0.35 versus 0, F1, 52 = 19.5, P <
0.001). However after 5 years (October 2008),
only R. solandri still showed significantly ele-
vated seedling densities in the sown plots (Fig. 4
and table S3), consistent with only that species
being pollen-limited and seed-limited. This result
is especially noteworthy because the seed-sowing
plots were all placed within a few meters of adult
R. solandri plants, where natural seed rain should
already be at a maximum, but were not necessar-
ily near adult M. ramiflorus or G. ligustrifolium.

All the data therefore point to the same
conclusion: R. solandri is now strongly pollen-
limited on the New Zealand mainland because of
local functional extinction of the three endemic
birds that are its only competent pollinators.
Meanwhile, less than 20 km away on predator-
free offshore islands where the endemic polli-
nators persist, the pollination mutualism is still
functioning. Mutualism failure has occurred
despite the fact that none of the three birds is
extinct, and one of them still occurs on the main-
land but now largely feeds higher in the canopy
(perhaps to avoid predators) and on more nectar-
rich exotic plants. On the mainland, the plant has
experienced an 84% reduction in seed output, has
55% fewer juveniles per adult, and is strongly seed-
limited even in close proximity to adult plants. How-
ever, this decline could very easily have escaped
notice, because it is so gradual. Individuals of R.
solandri are slow-growing and may be long lived,
so it could take many decades for the plant to
disappear from an area even if regeneration was
completely halted. Therefore, we have documented
not a crisis but a gradual cascading effect of bird
declines on the plant community. It may be that
similar slow plant declines as a result of failing
ecological interactions have begun elsewhere, but
the relevant studies have not been done to detect
them. It would be important to do so, because early
conservation action is much more effective while
species are still widespread and genetic diversity
has not been lost. Proof that bird losses negatively
affect ecological services like pollination could
help to support stronger action to protect and
enhance bird densities. As Janzen (2) stressed, we
must conserve not only the component parts
(species) but also the workings (ecological inter-
actions) of our biotic communities.
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Global Tissue Revolutions in a
Morphogenetic Movement
Controlling Elongation
Saori L. Haigo and David Bilder*

Polarized cell behaviors drive axis elongation in animal embryos, but the mechanisms underlying
elongation of many tissues remain unknown. Eggs of Drosophila undergo elongation from a
sphere to an ellipsoid during oogenesis. We used live imaging of follicles (developing eggs)
to elucidate the cellular basis of egg elongation. We find that elongating follicles undergo repeated
rounds of circumferential rotation around their long axes. Follicle epithelia mutant for integrin
or collagen IV fail to rotate and elongate, which results in round eggs. We present evidence that
polarized rotation is required to build a polarized, fibrillar extracellular matrix (ECM) that constrains
tissue shape. Thus, global tissue rotation is a morphogenetic behavior that uses planar polarity
information in the ECM to control tissue elongation.

Elongation of a tissue along a major body
axis is a central and conserved feature of
animal development (1, 2), and defects in

this process cause human developmental abnor-
malities (3). Studies of elongating tissues have un-
coveredmorphogenetic behaviors such as convergent
extension, part of a small repertoire of cell move-
ments known to shape animal body plans (4).
However, for many tissues, the mechanism
underlying their elongation is unknown.

The development of the ellipsoid Drosophila
egg is an elegant case of tissue elongation. Dro-
sophila eggs develop from individual follicles,
each consisting of a somatic follicle cell epithe-
lium that surrounds the germline. Follicles are
initially spherical and grow isotropically but acquire
anisotropic growth along the antero-posterior (A-P)
axis from stage 4 of oogenesis to form a mature
(stage 14) egg (Fig. 1, A andB) (5, 6). Seventy-four
percent of this 2.5-fold elongation is achieved in

20 hours between stages 5 and 9 (Fig. 1B). How
the developing follicle breaks symmetry to chan-
nel a 24-fold increase in volume during these stages
(7), from a sphere to an ellipsoid, is poorly under-
stood. Evidence indicates that egg shape requires
activities within the follicle epithelium (8), specifi-
cally from proteins linking intracellular actin to the
extracellular matrix (ECM) (6, 9–14), but how fol-
licle cells confer egg shape has remained elusive.

Our analysis of fixed samples suggested that
polarized cell divisions and cell shape changes,
which are associated with elongation of other
tissues (15–18), are not readily apparent in elon-
gating follicles. To determine whether dynamic
cell behaviors are involved, we used live imaging
of elongating follicles (fig. S1) (19–21). This
analysis revealed a morphogenetic behavior (fig.
S1 and movie S1). The entire follicle epithelium
undergoes a dramatic migration, in a circumfer-
ential direction around the elongating A-P axis,
which leads to global rotation of this geometri-
cally continuous tissue (Fig. 1C and movie S2).

Polarized rotation is observed in >95% of
wild-type (WT) follicles (n >100) with a velocity
of either 0.26 or 0.78 mm/min and both left- and
right-handed chirality (Fig. 1C and movie S2).

Polarized rotation is developmentally regulated
and occurs predominantly between stages 5 and
9, which parallels the major phase of follicle elon-
gation (Fig. 1B). The data suggest that a devel-
oping follicle undergoes approximately three
revolutions during elongation.

Visualization of germline nuclei revealed rota-
tion in concert with follicle cells, both in direction
and angular velocity (Fig. 1C and movie S2). By
contrast, follicle cells move across static collagen
IV fibrils (Fig. 1D and movie S3), which demon-
strates active rotation over an ECM substrate.
“Follicle rotation” therefore involves global po-
larized revolutions of each developing egg within
the basement membrane that encases each follicle.

The strong correlation between the phases of
follicle rotation and egg elongation suggests that
this behavior might play a role in morphogenesis.
We analyzed follicles mosaic for null mutants
in the integrin bPS subunit (myospheroid; mys),
which is required for egg elongation (10, 22).
mys mosaic follicles are significantly rounder
than WT controls from stage 5 (Fig. 2, B and D,
and fig. S2), the time when follicle rotation
normally occurs. Live imaging of round mys mu-
tant follicles revealed failure to rotate or off-axis
rotation in most samples (Fig. 2, F and H; fig. S3;
and movies S4 to S6).

The requirement for bPS integrin in follicle
shape and rotation suggests that cell-ECM in-
teractions link both processes. Unique among
ECM components, collagen IV forms circumfer-
entially planar polarized fibrils around the follicle
during the entire elongation phase (Fig. 3, A to E,
and fig. S4). This led us to hypothesize that col-
lagen IV may control egg shape, as do laminin
and perlecan (6, 14). Indeed, follicles with epi-
thelia entirely mutant for collagen IV a2 (viking;
vkg) deviate in shape at stage 8 (Fig. 2, C and D,
and fig. S2) and ultimately form round eggs. Live
imaging revealed polarized rotation until stage 7,
when there is a notable breakdown in rotation
(Fig. 2, G and H, and movies S7 and S8). These
data demonstrate that mutations in genes that
block follicle rotation also block elongation in a
similar time frame, which suggests that these two
processes are tightly coupled.
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Global Tissue Revolutions in a
Morphogenetic Movement
Controlling Elongation
Saori L. Haigo and David Bilder*

Polarized cell behaviors drive axis elongation in animal embryos, but the mechanisms underlying
elongation of many tissues remain unknown. Eggs of Drosophila undergo elongation from a
sphere to an ellipsoid during oogenesis. We used live imaging of follicles (developing eggs)
to elucidate the cellular basis of egg elongation. We find that elongating follicles undergo repeated
rounds of circumferential rotation around their long axes. Follicle epithelia mutant for integrin
or collagen IV fail to rotate and elongate, which results in round eggs. We present evidence that
polarized rotation is required to build a polarized, fibrillar extracellular matrix (ECM) that constrains
tissue shape. Thus, global tissue rotation is a morphogenetic behavior that uses planar polarity
information in the ECM to control tissue elongation.

Elongation of a tissue along a major body
axis is a central and conserved feature of
animal development (1, 2), and defects in

this process cause human developmental abnor-
malities (3). Studies of elongating tissues have un-
coveredmorphogenetic behaviors such as convergent
extension, part of a small repertoire of cell move-
ments known to shape animal body plans (4).
However, for many tissues, the mechanism
underlying their elongation is unknown.

The development of the ellipsoid Drosophila
egg is an elegant case of tissue elongation. Dro-
sophila eggs develop from individual follicles,
each consisting of a somatic follicle cell epithe-
lium that surrounds the germline. Follicles are
initially spherical and grow isotropically but acquire
anisotropic growth along the antero-posterior (A-P)
axis from stage 4 of oogenesis to form a mature
(stage 14) egg (Fig. 1, A andB) (5, 6). Seventy-four
percent of this 2.5-fold elongation is achieved in

20 hours between stages 5 and 9 (Fig. 1B). How
the developing follicle breaks symmetry to chan-
nel a 24-fold increase in volume during these stages
(7), from a sphere to an ellipsoid, is poorly under-
stood. Evidence indicates that egg shape requires
activities within the follicle epithelium (8), specifi-
cally from proteins linking intracellular actin to the
extracellular matrix (ECM) (6, 9–14), but how fol-
licle cells confer egg shape has remained elusive.

Our analysis of fixed samples suggested that
polarized cell divisions and cell shape changes,
which are associated with elongation of other
tissues (15–18), are not readily apparent in elon-
gating follicles. To determine whether dynamic
cell behaviors are involved, we used live imaging
of elongating follicles (fig. S1) (19–21). This
analysis revealed a morphogenetic behavior (fig.
S1 and movie S1). The entire follicle epithelium
undergoes a dramatic migration, in a circumfer-
ential direction around the elongating A-P axis,
which leads to global rotation of this geometri-
cally continuous tissue (Fig. 1C and movie S2).

Polarized rotation is observed in >95% of
wild-type (WT) follicles (n >100) with a velocity
of either 0.26 or 0.78 mm/min and both left- and
right-handed chirality (Fig. 1C and movie S2).

Polarized rotation is developmentally regulated
and occurs predominantly between stages 5 and
9, which parallels the major phase of follicle elon-
gation (Fig. 1B). The data suggest that a devel-
oping follicle undergoes approximately three
revolutions during elongation.

Visualization of germline nuclei revealed rota-
tion in concert with follicle cells, both in direction
and angular velocity (Fig. 1C and movie S2). By
contrast, follicle cells move across static collagen
IV fibrils (Fig. 1D and movie S3), which demon-
strates active rotation over an ECM substrate.
“Follicle rotation” therefore involves global po-
larized revolutions of each developing egg within
the basement membrane that encases each follicle.

The strong correlation between the phases of
follicle rotation and egg elongation suggests that
this behavior might play a role in morphogenesis.
We analyzed follicles mosaic for null mutants
in the integrin bPS subunit (myospheroid; mys),
which is required for egg elongation (10, 22).
mys mosaic follicles are significantly rounder
than WT controls from stage 5 (Fig. 2, B and D,
and fig. S2), the time when follicle rotation
normally occurs. Live imaging of round mys mu-
tant follicles revealed failure to rotate or off-axis
rotation in most samples (Fig. 2, F and H; fig. S3;
and movies S4 to S6).

The requirement for bPS integrin in follicle
shape and rotation suggests that cell-ECM in-
teractions link both processes. Unique among
ECM components, collagen IV forms circumfer-
entially planar polarized fibrils around the follicle
during the entire elongation phase (Fig. 3, A to E,
and fig. S4). This led us to hypothesize that col-
lagen IV may control egg shape, as do laminin
and perlecan (6, 14). Indeed, follicles with epi-
thelia entirely mutant for collagen IV a2 (viking;
vkg) deviate in shape at stage 8 (Fig. 2, C and D,
and fig. S2) and ultimately form round eggs. Live
imaging revealed polarized rotation until stage 7,
when there is a notable breakdown in rotation
(Fig. 2, G and H, and movies S7 and S8). These
data demonstrate that mutations in genes that
block follicle rotation also block elongation in a
similar time frame, which suggests that these two
processes are tightly coupled.
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What mechanism might link follicle rotation
to egg shape? It is intriguing that collagen IV
fibrils increase in length and density during fol-
licle rotation (Fig. 3, A to F, and fig. S4) and
change their organization. Collagen IV forms an
initial basalmatrix around young follicles (Fig. 1A),
with distinct puncta that mature into circumfer-
entially oriented fibrils from stage 5 onward (Fig.
3, A to E, and fig. S4). Fibril orientation is tightly
regulated, in the same orientation (Fig. 3F) that
the follicle rotates. This suggests that coordinated
migration of follicle cells during global rotation
may direct the polarization of the fibrillar ECM.

To test this in vivo, we carried out clonal anal-
ysis with a chromosome in which collagen IV–
GFP [into which green fluorescent protein (GFP)
is incorporated] is genetically linked to a nuclear
red fluorescent protein (RFP) marker (Fig. 3G),
which allows the position of RFP-marked follicle
cells to be compared with the distribution of col-
lagen IV–GFP that they have secreted. We ob-
served that collagen IV–GFP fibrils are present in
unmarked domains of the follicle epithelium,which
indicates that the cells that produced them moved
relative to these fibrils. Thiswas not observedwhen
follicle rotation was blocked (fig. S6). Moreover,
when cells that produce collagen IV–GFP are dis-
tributed across the A-P axis of the follicle, they dis-
tribute marked fibrils across this axis (Fig. 3H).
In contrast, if follicle cells that produce collagen
IV–GFP occupy primarily the anterior or posterior
half of the follicle, marked fibrils are associated
onlywith that region of the follicle (Fig. 3I). These
data are consistent with a model in which global
rotation builds the polarized basement membrane
that surrounds developing follicles.

What is the role of the polarized basement
membrane produced by follicle rotation? One
model is that of a “molecular corset,” which
could control egg shape by constraining growth
along the dorso-ventral axis. Planar-polarized
basal actin filaments of the follicle epithelium have
been proposed to form a corset (6, 10, 13, 23, 24).
However, acutely disrupting actin filaments in
elongated follicles with latrunculin A did not
perturb follicle shape (Fig. 4, B and D).

Collagen IVorganization made it an attractive
alternative for a molecular corset. We found that
basement membrane integrity was compromised
in vkg mutant follicles (fig. S6), consistent with
vertebrate studies showing that type IV collagens
maintain, but do not establish, ECM organization
(25). We reasoned that if the fibrillar collagen IV
matrix acts as a molecular corset, then its acute
loss should affect the shape of elongated follicles.
We therefore treated stage 12 follicles, which
have completed global revolutions and display a
polarized collagen IV matrix, with collagenase.
Acute loss of collagen IV rounds these follicles
(Fig. 4, C and D; and fig. S5), which supports the
idea that the collagen IV matrix functions as a
molecular corset.

Finally, when follicle rotation is blocked (in
roundmysmosaic follicles) the collagen IVmatrix
is present, but its organization is perturbed (Fig.
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4E). Although fibril density and length of the lon-
gest fibrils was unchanged, the shape of individual
fibrils was significantly altered (Fig. 4, F to H).
Most important, the uniform orientation of fibrils

was completely lost (Fig. 4, I and J). Together,
these results suggest that the polarization of the
collagen IV matrix, via global tissue revolutions,
governs elongation of theDrosophila egg (fig. S7).

In this work, we expand the repertoire of
knownmorphogenetic behaviors by identifying a
morphogenetic movement that elongates a de-
veloping tissue. As do many other collective cell
migrations (26, 27), basal cell–ECM focal con-
tacts provide the motile force for follicle rotation,
but the follicle’s unique closed topology, with no
leading edge, results in a treadmill-like migration
with no net translocation. As in convergent ex-
tension, cells move orthogonally to the axis of
elongation to generate a more than twofold elon-
gation of the tissue. However, in the radially
symmetric follicle epithelium, no axis of conver-
gence is evident. Engagement of all cells of the
tissue in multiple revolutions distinguishes follicle
rotation from known phenomena involving partial
and local rotation of cell clusters within a tissue
(28, 29). What signal(s) dictate the chirality, on-
set, and cessation of rotation remains as inter-
esting unanswered questions.

Polarized cell movements involve planar cell
polarity (PCP). PCP in the follicle was first noted
two decades ago (23), and whereas follicle PCP
and egg shape are independent of the core PCP
signaling pathway (24, 30), they do require pro-
teins that link the actin cytoskeleton and ECM
(6, 9–14). Earlywork proposed that polarized basal
actin mechanically constrains egg shape (23), but
the discovery of follicle rotation suggests an alter-
native, in which actin filaments are required for
polarized cell motility during egg elongation. Our
data indicate that polarized, global follicle rotation
directs polarization of the collagen IVmatrix, which
echoes other systems where migrating cells influ-
ence surrounding ECM structure. Notably, the po-
larized ECM can communicate PCP information
(6, 31) and also feed back to promote directed tissue
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migration. Because individual follicle cells move
over ECM fibrils previously oriented by neigh-
bors, global rotation can both amplify and
reinforce coordination of PCP across the entire
tissue. We suggest that PCP coordination in the
follicle may thus result from dynamic movement
of an epithelium across a static cue—the ECM—
rather than propagation of a cue through a static
epithelium.

Finally, in providing a specific mechanism for
the control of Drosophila egg shape, our work
sheds light on the general role of the ECM in
sculpting tissues. The circumferential collagen IV
fibrils formed by follicle rotation recall the cir-
cumferential cellulose fibrils formed by rotating
the cellulose synthase complex within the plasma
membrane during elongation of stationary plant
cells (32). Whereas our proposed mechanism can
account for themajority of follicle elongation, data
from Drosophila mutants suggest that it is only
one of several mechanisms that establish final egg
shape.

To the best of our knowledge, a morphoge-
netic movement with the attributes of follicle
rotation has not been described in other animal
tissues. We note that the existence of follicle
rotation was not anticipated, despite a rich history
of studies on Drosophila oogenesis from fixed
specimens. Live imaging of other morphogenetic
events may uncover additional instances where
polarized tissue rotation influences tissue and
organ shape.
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Metarhizium anisopliae infects mosquitoes through the cuticle and proliferates in the
hemolymph. To allow M. anisopliae to combat malaria in mosquitoes with advanced malaria
infections, we produced recombinant strains expressing molecules that target sporozoites as they
travel through the hemolymph to the salivary glands. Eleven days after a Plasmodium-infected
blood meal, mosquitoes were treated with M. anisopliae expressing salivary gland and midgut
peptide 1 (SM1), which blocks attachment of sporozoites to salivary glands; a single-chain antibody
that agglutinates sporozoites; or scorpine, which is an antimicrobial toxin. These reduced
sporozoite counts by 71%, 85%, and 90%, respectively. M. anisopliae expressing scorpine and
an [SM1]8:scorpine fusion protein reduced sporozoite counts by 98%, suggesting that
Metarhizium-mediated inhibition of Plasmodium development could be a powerful weapon
for combating malaria.

Nearly half of the world population is at
risk of contracting malaria, and over one
million people, mostly African children,

die of the disease every year. Efforts to control
the disease are hampered by increased resistance
of parasites and vectors to drugs and insecticides
(1). Emergence and spread of pyrethroid-resistant

mosquitoes is a particular threat, because pyrethroid-
treated bed nets are the mainstay of malaria control
programs and there are no immediate prospects
for new chemical insecticides (2, 3). There is
consequently a pressing need for practical alter-
natives for malaria control (1). Several field and
laboratory studies have used fungi, such as

Metarhizium anisopliae, that are pathogenic to
adult mosquitoes. Unlike bacteria and viruses,
fungal pathogens infect mosquitoes through direct
contact with the cuticle and so lend themselves to
strategies currently used for delivery of chemical
insecticides, for example, being sprayed on indoor
surfaces of houses, cotton ceiling hangings, cur-
tains, and bed nets (4, 5) or used in outdoor odor-
baited traps (6). Fungal spores persist on some
treated surfaces for months (5) and can be used in
insecticide-resistance management or integrated
vector management because fungal infections act
synergistically with various insecticides [including
pyrethroids and dichlorodiphenyltrichloroethane
(DDT)], and fungi are equally effective against
insecticide-resistant and insecticide-susceptible
mosquitoes (7, 8).

Using currently available fungal strains mos-
quito death is slow, but it takes about 12 to 14
days for Plasmodium falciparum, the causative

1Department of Entomology, University of Maryland, 4112
Plant Sciences Building, College Park, MD 20742, USA.
2Malaria Research Institute, Department of Molecular Micro-
biology and Immunology, Johns Hopkins School of Public
Health, 615 North Wolfe Street, E5132, Baltimore, MD 21205,
USA. 3Antibody Technology Group, Department of Molecular
and Applied Biosciences, School of Life Sciences, University
of Westminster, 115 New Cavendish Street, London W1W
6UW, UK.

*To whom correspondence should be addressed. E-mail:
stleger@umd.edu

25 FEBRUARY 2011 VOL 331 SCIENCE www.sciencemag.org1074

REPORTS

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


DOI: 10.1126/science.1199115
, 1074 (2011);331 Science
, et al.Weiguo Fang

in Mosquitoes
Development of Transgenic Fungi That Kill Human Malaria Parasites

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): February 24, 2011 www.sciencemag.org (this infomation is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/331/6020/1074.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

 http://www.sciencemag.org/content/suppl/2011/02/24/331.6020.1074.DC2.html
 http://www.sciencemag.org/content/suppl/2011/02/23/331.6020.1074.DC1.html

can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/331/6020/1074.full.html#ref-list-1
, 5 of which can be accessed free:cites 29 articlesThis article 

 http://www.sciencemag.org/cgi/collection/microbio
Microbiology

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2011 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

F
eb

ru
ar

y 
24

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/331/6020/1074.full.html
http://www.sciencemag.org/content/suppl/2011/02/23/331.6020.1074.DC1.html
http://www.sciencemag.org/content/suppl/2011/02/24/331.6020.1074.DC2.html
http://www.sciencemag.org/content/331/6020/1074.full.html#ref-list-1
http://www.sciencemag.org/cgi/collection/microbio
http://www.sciencemag.org/


migration. Because individual follicle cells move
over ECM fibrils previously oriented by neigh-
bors, global rotation can both amplify and
reinforce coordination of PCP across the entire
tissue. We suggest that PCP coordination in the
follicle may thus result from dynamic movement
of an epithelium across a static cue—the ECM—
rather than propagation of a cue through a static
epithelium.

Finally, in providing a specific mechanism for
the control of Drosophila egg shape, our work
sheds light on the general role of the ECM in
sculpting tissues. The circumferential collagen IV
fibrils formed by follicle rotation recall the cir-
cumferential cellulose fibrils formed by rotating
the cellulose synthase complex within the plasma
membrane during elongation of stationary plant
cells (32). Whereas our proposed mechanism can
account for themajority of follicle elongation, data
from Drosophila mutants suggest that it is only
one of several mechanisms that establish final egg
shape.

To the best of our knowledge, a morphoge-
netic movement with the attributes of follicle
rotation has not been described in other animal
tissues. We note that the existence of follicle
rotation was not anticipated, despite a rich history
of studies on Drosophila oogenesis from fixed
specimens. Live imaging of other morphogenetic
events may uncover additional instances where
polarized tissue rotation influences tissue and
organ shape.
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Metarhizium anisopliae infects mosquitoes through the cuticle and proliferates in the
hemolymph. To allow M. anisopliae to combat malaria in mosquitoes with advanced malaria
infections, we produced recombinant strains expressing molecules that target sporozoites as they
travel through the hemolymph to the salivary glands. Eleven days after a Plasmodium-infected
blood meal, mosquitoes were treated with M. anisopliae expressing salivary gland and midgut
peptide 1 (SM1), which blocks attachment of sporozoites to salivary glands; a single-chain antibody
that agglutinates sporozoites; or scorpine, which is an antimicrobial toxin. These reduced
sporozoite counts by 71%, 85%, and 90%, respectively. M. anisopliae expressing scorpine and
an [SM1]8:scorpine fusion protein reduced sporozoite counts by 98%, suggesting that
Metarhizium-mediated inhibition of Plasmodium development could be a powerful weapon
for combating malaria.

Nearly half of the world population is at
risk of contracting malaria, and over one
million people, mostly African children,

die of the disease every year. Efforts to control
the disease are hampered by increased resistance
of parasites and vectors to drugs and insecticides
(1). Emergence and spread of pyrethroid-resistant

mosquitoes is a particular threat, because pyrethroid-
treated bed nets are the mainstay of malaria control
programs and there are no immediate prospects
for new chemical insecticides (2, 3). There is
consequently a pressing need for practical alter-
natives for malaria control (1). Several field and
laboratory studies have used fungi, such as

Metarhizium anisopliae, that are pathogenic to
adult mosquitoes. Unlike bacteria and viruses,
fungal pathogens infect mosquitoes through direct
contact with the cuticle and so lend themselves to
strategies currently used for delivery of chemical
insecticides, for example, being sprayed on indoor
surfaces of houses, cotton ceiling hangings, cur-
tains, and bed nets (4, 5) or used in outdoor odor-
baited traps (6). Fungal spores persist on some
treated surfaces for months (5) and can be used in
insecticide-resistance management or integrated
vector management because fungal infections act
synergistically with various insecticides [including
pyrethroids and dichlorodiphenyltrichloroethane
(DDT)], and fungi are equally effective against
insecticide-resistant and insecticide-susceptible
mosquitoes (7, 8).

Using currently available fungal strains mos-
quito death is slow, but it takes about 12 to 14
days for Plasmodium falciparum, the causative
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agent of malaria, to develop in the mosquito from
ingested gametocytes to infectious sporozoites.
With use of a rodent malaria model, it was found
that fungal biopesticides reduced transmission
potential by 98% as long as mosquitoes became
infected with the fungus soon after ingesting
Plasmodium (9). A high probability of early in-

fection is important to the success of fungal bio-
pesticides, and the high coverage this requires
may be hard to achieve in the field because of is-
sues such as user resistance (10–12).Metarhizium
can be engineered to kill insects faster (13), but
a slow speed of kill that enables mosquitoes to
achieve part of their lifetime reproductive output

will reduce selection pressure for resistance to
the biopesticide and translate into additional dec-
ades of effective product use (5, 10, 14). It would
be highly desirable to obtain fungal strains that
greatly reduce mosquito infectiousness, because
this could improve disease control without increas-
ing the spread of resistance (5). To achieve this
effect, we engineeredM. anisopliae to deliver mol-
ecules that selectively block parasite develop-
ment within the vector.

RecombinantM. anisopliae strains were tested
for their ability to block P. falciparum develop-
ment in Anopheles gambiae (Africa’s principal
malaria vector) (15). The 12–amino acid salivary
gland and midgut peptide 1 (SM1) binds to the
surface of salivary glands, thus blocking the entry
of sporozoites (16).We inserted intoM. anisopliae
a synthetic gene (termed [SM1]8) that expressed
eight repeats of the SM1 peptide. The scorpion
(Pandinus imperator) antimicrobial scorpine is a
hybrid between a cecropin and a defensin but is
100-fold more potent than these against Plasmo-
dium (17). The single-chain antibody PfNPNA-1
is based on a recombinant human monoclonal
antibody that specifically recognizes the repeat
region (Asn-Pro-Asn-Ala) of the P. falciparum
surface circumsporozoite protein and aggluti-
nates sporozoites (18). A gene expressing the
hybrid protein [SM1]8:scorpine was produced
by fusing the polymerase chain reaction (PCR)
product of [SM1]8 to scorpine. All four genes
were synthesized with the MCL1 signal peptide
at the N terminus (to drive secretion) (table S1) and
cloned into a plasmid downstream of the M.
anisopliaeMcl1 promoter (PMcl1) (fig. S1). PMcl1
only expresses transgenes when the fungus
encounters the mosquito hemolymph (13).
The antiplasmodial genes were individually
transformed into M. anisopliae, and we selected
single-copy transformants (fig. S2) with wild-
type rates of growth and sporulation (fig. S3).We
also confirmed that transgenes were expressed
within 20 min of the fungus contacting hemo-
lymph and that their products interacted with
salivary glands or sporozoites (fig. S4).

We inoculated adult female mosquitoes with
Metarhizium by spraying them with spore sus-
pensions containing 5 × 105 spores per ml or 5 ×
106 spores per ml, because this allowed the de-

Table 1. Estimated reductions in malaria transmission in Metarhizium-
treated mosquitoes (estimates do not include the impact of Metarhizium
strains on sporozoite intensity). About 90 spores per mosquito were applied
to mosquitoes 11 days after they had fed on Plasmodium-infected blood. C
indicates control mosquitoes infected with P. falciparum only; WT, infected with

P. falciparum and wild-type Metarhizium; and TS, infected with P. falciparum
and transgenic Metarhizium strains expressing scorpine and [SM1]8:scorpine.
Prevalence is percent of mosquitoes with sporozoites in salivary glands. Mos-
quitoes able to transmit malaria were calculated by equation S.1 (10). Re-
duction in malaria transmission was calculated by equation S.2 (10).

Days after feeding on infected blood
14 15 16 17

C WT TS C WT TS C WT TS C WT TS

% Mortality 0 3 T 1.2 4 T 0.9 0 21 T 3 23 T 2 3 T 1.2 40 T 8 40 T 6 5 T 1.8 60 T 7 61 T 5
% Prevalence 94 T 2 87 T 3 25 T 1 97 T 1 91 T 2 38 T 2 100 100 53 T 3 100 100 58 T 4
% Feeding 92 T 5 85 T 2 84 T 2 90 T 4 77 T 5 77 T 6 86 T 6 64 T 7 62 T 5 82 T 9 42 T 4 41 T 3
% Mosquitoes able to transmit malaria 86 T 2 72 T 2 20 T 1 87 T 3 55 T 2 22 T 2 83 T 2 38 T 1 19 T 1 78 T 1 17 T 2 7 T 1
% Reduction in malaria transmission 0 16 T 1 78 T 1 0 37 T 2 75 T 2 0 54 T 1 77 T 2 0 81 T 3 91 T 1

Fig. 1. (A) Coexistence ofMetarhizium hyphal bodies and P. falciparum sporozoites in the hemolymph of
infected mosquitoes. Hemolymph from mosquitoes 17 days after a Plasmodium-infected blood meal and
6 days after infection with M. anisopliae shows immunostained M. anisopliae (green) and P. falciparum
(red). DNA was stained with DAPI (blue, 4´,6´-diamidino-2-phenylindole). Scale bar indicates 10 mm. (B)
The timing of expression of [SM1]8 by M. anisopliae–[SM1]8 was estimated by detecting fluorescently
immunostained [SM1]8 binding to mosquito salivary glands. (Top row) Salivary glands with fluorescently
stained [SM1]8 2, 4, and 6 days postinfection. The intensity of fluorescent signal peaked at 4 days.
(Bottom row) Differential interference contrast images of the salivary glands shown in the top row.
Control, control salivary glands were frommosquitoes not infected withM. anisopliae; WT, salivary glands
from mosquitoes infected with wild-type M. anisopliae.
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livery of a reproducible inoculating dose of 7 T 6
(mean T SEM) spores per mosquito or 90 T 8
spores per mosquito, respectively. A. gambiae
infectedby thewild-type and transgenicMetarhizium
strains showed similar life spans (table S2 and
fig. S5), indicating that the transgenic strains
would not increase selection for resistance
compared to the wild-type pathogen. The blood-
feeding activity of mosquitoes containing Plas-
modium was reduced by ~58% within 6 days of
infection with 90 spores per mosquito and by
~30% within 8 days of infection with 7 spores
per mosquito (transgenic or wild type) (Table
1 and table S3).

We modeled the time course of expression
of antiplasmodial proteins inside Plasmodium-
infected mosquitoes by spraying them with
transformant Ma-[SM1]8 (90 spores per mos-
quito) and measuring the binding of [SM1]8 to
salivary glands by immunofluorescence micros-
copy. [SM1]8 was detected on the surface of
salivary glands 2 days after fungal inoculation,
and fluorescent intensity peaked at 4 days (Fig. 1).
To assess the malaria control potential of Meta-
rhizium strains applied to mosquitoes with ad-
vanced malaria infections, we infected mosquitoes
with 90 spores per insect 11 days after feeding
on Plasmodium-infected blood cultures and
counted salivary gland sporozoites on day 17.
The parental wild-type Metarhizium strain did
not significantly reduce sporozoite density
compared to control mosquitoes not infected
by Metarhizium (P > 0.05, Mann-Whitney
test). Strains expressing [SM1]8, PfNPNA-1,
and scorpine reduced sporozoite counts by 71 T
2.4%, 85 T 3.2%, and 90 T 2.5%, respectively
(Fig. 2). The fusion [SM1]8:scorpine reduced
sporozoite density to a greater extent than did
[SM1]8 (P < 0.05, Mann-Whitney test), but the
effect was significantly less than that of scorpine
alone (P < 0.05, Mann-Whitney test). However,
co-inoculating mosquitoes with an equal number
of spores (totaling 90 spores per mosquito)
containing the scorpine and [SM1]8:scorpine
genes reduced sporozoite density from 4715 T
585 to 105 T 21 (98 T 0.7%), which was
significantly (P < 0.05, Mann-Whitney test)
greater than the reduction achieved by scorpine
alone. Presumably sporozoites surviving free
scorpine in the hemolymph are being challenged
by [SM1]8:scorpine binding to the surface of
salivary glands. Co-infecting mosquitoes with
strains expressingPfNPNA-1 and scorpine likewise
achieved a 97 T 0.9% reduction in sporozoite
counts, significantly (P < 0.05, Mann-Whitney
test) greater than the reduction achieved by either
scorpine or PfNPNA-1 alone.

We next performed a time course study and
measured sporozoite prevalence (% of sporozoite-
positive salivary glands) and density in mosquitoes
12 to 17 days after feeding on Plasmodium-
infected blood and 1 to 6 days after infection with
Metarhizium. Sporozoites began to appear on
salivary glands 14 days after feeding. Co-infecting
mosquitoes with Metarhizium strains expressing

the optimal combination of scorpine and [SM1]8:
scorpine reduced sporozoite density by >95%
through days 14 to 17, whereas the wild-type
Metarhizium strain did not significantly reduce
sporozoite density (Fig. 3). At day 14, 94 T 2%
of the mosquitoes not infected with Metarhizium
had sporozoites, compared with 25 T 1% of
insects infected with transgenic strains and 87 T
3% of insects treated with the wild type (Table
1). When the analysis is limited only to those
mosquitoes with salivary gland infections,
transgenic strains reduced sporozoite density
from 1724 T 394 to 150 T 30 (91 T 0.4%) at
day 14, and from 4504 T 324 to 355 T 50 (92 T
1%) at day 17 (fig. S6).

The potential of Metarhizium strains to re-
duce malaria transmission was estimated by
combining their impacts on mosquito mortal-
ity, blood-feeding activity, and the prevalence
of sporozoites (Table 1). Infection with transgenic
strains 11 days after a Plasmodium-infected blood
meal reduced transmission by 78 T 1% (a total
of 14 days after blood meal), 75 T 2% (15 days),
77 T 2% (16 days), and 91 T 1% (17 days).
Infection with wild-type Metarhizium reduced
transmission by 16 T 1% (14 days), 37 T 2%
(15 days), 54 T 1% (16 days), and 81 T 3% (17

days). Thus, expression of transgenes shortened
the time taken to reduce transmission, allowing
Metarhizium to be effective even if sporogony is
well advanced by the time the strain contacts the
mosquito. At day 14, when the difference in impact
was greatest, the transgenic strains reduced trans-
mission ~fivefold when compared with trans-
mission with the wild type. This is a conservative
estimate because it does not take into account
the 91% reduction in sporozoite density in those
insects with salivary gland infections. Estimates
vary as to the minimum sporozoite inoculum
required to establish an infection in humans,
but A. stephensi mosquitoes and wild African
A. gambiae with low salivary gland infections
are unlikely to transmit sporozoites (19, 20), and
studies in humans have shown a clear correlation
between the ability to produce a malaria infection
and the intensity of salivary gland infection
(21, 22).

A lower dose of spores (7 T 6 spores per
mosquito) meant that it took 7 days to reach the
level of scorpine expression and the titer of hy-
phal bodies achieved in 3 days by ~90 spores per
mosquito (fig. S7). Infecting mosquitoes with
the low-spore dose 7 days after a Plasmodium-
infected blood meal reduced prevalence (fig. S8),

Fig. 2. Expression of antiplasmodials by M. anisopliae inhibits sporozoite invasion of salivary glands.
Mosquitoes were infected with the wild-type or transgenic Metarhizium strains 11 days after a
Plasmodium-infected blood meal, and 6 days later salivary glands from each treatment were dissected,
pooled into groups each containing glands from five mosquitoes, and homogenized for sporozoite counting.
M. anisopliae strains were engineered to express [SM1]8, PfNPNA-1, scorpine, and an [SM1]8:scorpine fusion
protein. Mosquitoes were also co-inoculated with M. anisopliae strains expressing scorpine and an
[SM1]8:scorpine fusion protein or with strains expressing scorpine and PfNPNA-1. N, the number of
groups (the total number of mosquitoes is shown in parenthesis). Statistical significance was determined
by Mann-Whitney test, a = 0.05. The P values given in this figure were calculated by comparing each
combination of Plasmodium– and M. anisopliae–infected mosquitoes versus control mosquitoes only
infected with Plasmodium. The horizontal lines represent the medians.
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sporozoite density (fig. S6), and malaria transmis-
sion (table S3) to similar levels as the high dosage.
By day 18, the mortality of insects infected with
transgenic or wild-type strains of Metarhizium at
low or high doses was ~90%, and 100% were
dead by day 20, whereas >80% of the mosquitoes
infected with Plasmodium alone were still alive
and carrying thousands of sporozoites.

Our study shows that entomopathogenic fun-
gi engineered to produce antimalarial peptides
can block transmission by mosquitoes with ad-
vanced malaria infections. In the field, this would
reduce the current need for mosquitoes to be-
come infected with fungi soon after they pick up
the malaria parasite. Furthermore, the transgenic
fungi still only kill older mosquitoes, so they do
not increase selection for resistance development.
The level of transmission blocking achieved by
the transgenic Metarhizium strains exceeds that
reported for most genetic engineering approaches
involving transgenic refractory insects (23, 24) or
insect commensals (25, 26). Furthermore, these
means of malaria control require the fitness of the
transgenic organism to be high. In contrast, the
fitness of transgenic biopesticides could be quite
low (5, 10), and there is no requirement for driv-
ing mechanisms to replace field populations with
engineered lines because a transgenic pathogen
need not recycle. Overall, therefore, field release
of a pathogen is comparatively easily handled,
and, becauseM. anisopliae can infect A. gambiae,

A. arabiensis, and A. funestus, it is an approach
that need not be specific to one or a few inter-
breeding populations of Anopheles, leaving other
populations to transmit disease.

A potential problem with relying on antima-
larial effects is that they might in the long run
suffer from the evolution of resistant malaria
parasites. However, Metarhizium is a tractable
model for evaluating and delivering transmission
blocking proteins and could be used to express
multiple transgenes with different modes of ac-
tion to reduce the probability of emergence of
resistance to one mechanism. The diversity of
antimicrobials could also offer a general approach
for controlling other devastating vector-borne
diseases. Scorpine inhibits dengue virus too (27),
and M. anisopliae can infect Aedes aegyptii
(the dengue fever vector) (13). M. anisopliae
also infects the filariasis mosquito Culex quinque-
fasciatus (28), and different strains ofM. anisopliae
pathogenic to tsetse fly or ticks have been iden-
tified (29, 30). The pathogens these arthropods
vector are likely to be susceptible to scorpine and
trypanosome lytic factor (27, 31). The ability of
M. anisopliae to express a functional single-
chain antibody fragment is notable because
recombinant antibodies provide a vast array of
potential antiparasite and anti-arthropod effectors.
These would facilitate construction of very
effective, highly specific, biopesticides with
minimal increased potential for negative envi-

ronmental impact relative to their parental wild-
type strains.
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Fig. 3. Sporozoite prevalence and density in mosquitoes infected by transgenic (TS) Metarhizium
strains expressing scorpine and [SM1]8:scorpine. Mosquitoes were each infected with ~90 Metarhizium
spores 11 days after a Plasmodium-infected blood meal, and salivary glands were scored for sporo-
zoites. Sporozoites were first detected on day 14. The absence of sporozoites determined microscopically
was confirmed by PCR (fig. S9). C, control mosquitoes infected with Plasmodium only; WT, mosquitoes
infected with Plasmodium and the wild-type M. anisopliae strain. Statistical significance was determined
by Mann-Whitney test, a = 0.05. The horizontal lines represent the medians.
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Transient Regenerative Potential
of the Neonatal Mouse Heart
Enzo R. Porrello,1 Ahmed I. Mahmoud,2 Emma Simpson,3 Joseph A. Hill,1,2 James A. Richardson,1,3

Eric N. Olson,1* Hesham A. Sadek2*

Certain fish and amphibians retain a robust capacity for cardiac regeneration throughout life,
but the same is not true of the adult mammalian heart. Whether the capacity for cardiac
regeneration is absent in mammals or whether it exists and is switched off early after birth has
been unclear. We found that the hearts of 1-day-old neonatal mice can regenerate after partial
surgical resection, but this capacity is lost by 7 days of age. This regenerative response in 1-day-old
mice was characterized by cardiomyocyte proliferation with minimal hypertrophy or fibrosis,
thereby distinguishing it from repair processes. Genetic fate mapping indicated that the majority
of cardiomyocytes within the regenerated tissue originated from preexisting cardiomyocytes.
Echocardiography performed 2 months after surgery revealed that the regenerated ventricular apex
had normal systolic function. Thus, for a brief period after birth, the mammalian heart appears to
have the capacity to regenerate.

Urodele amphibians and teleost fish retain
a remarkable capacity for cardiac regen-
eration throughout life (1, 2). Adult zebra-

fish, for example, can undergo complete cardiac
regeneration without scar formation after resec-
tion of up to 20% of the ventricle (2), a response

thought to occur primarily through cardiomyo-
cyte proliferation (3, 4). Similarly, a recent study
demonstrated that the embryonic mammalian
heart is capable of mounting a hyperplastic re-
sponse to injury (5), which suggests that the
mammalian heart may retain regenerative capac-

ity during early life. A number of studies have
shown that the adult mammalian heart also pos-
sesses a measurable capacity for cardiomyocyte
renewal (6–9), albeit not sufficient to restore con-
tractile function after substantial cardiac injury.

There are numerous fundamental differences
between mammalian and fish cardiac biology.
The four-chambered, double-circulation mam-
malian heart works at high pressure and is an-
atomically distinct from the two-chambered,
single-circulation fish heart. In this regard, the
adult zebrafish heart is anatomically similar to
the embryonic mammalian heart before septation.
In contrast to mammalian cardiomyocytes, which
withdraw from the cell cycle and become bi-
nucleate shortly after birth (10, 11), zebrafish car-
diomyocytes are small, are mononucleated, and
retain proliferative potential throughout life (12).

Fig. 1. Regeneration of the ventricular myocardium
of neonatal mice (A to D) Hematoxylin and eosin
(H&E) staining of the mouse heart at 1, 2, 7, and 21
days post-resection (dpr). Arrow denotes injury site.
(E to H) H&E-stained sections at higher magnifica-
tion. The asterisk marks a large blood clot adjacent
to the left ventricular chamber (arrow) at 1 and 2
dpr. Dashed line indicates the resection plane.
Scale bars, 200 mm. (I to L) Trichrome-stained serial
sections showing early deposition of epicardial
extracellular matrix (blue staining) at 7 dpr, with
minimal evidence of cardiac fibrosis by day 21. Scale
bars, 200 mm. (M) Quantification of surgical repro-
ducibility and regeneration. Ventricle weights and
sagittal section surface area are presented as per-
centages of sham-operated controls. Numbers of
samples analyzed are indicated within the bars.
Values are presented asmeans T SEM; *P<0.05. (N)
Images of 2D echocardiogram in the parasternal
long axis view. Yellow line indicates motion (M)
mode plane. Lower panel shows left ventricular (LV)
dimensions and function of sham-operated and re-
sected hearts at 60 dpr. Left ventricular internal
diameter at end systole (LVIDs) and end diastole
(LVIDd) were used for calculating fractional shorten-
ing (FS) and ejection fraction (EF). Values are pre-
sented as means T SEM; n = 3 per group.
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Given the similarities between the adult zebra-
fish heart and the immature mammalian heart, we
hypothesized that the mechanisms underlying
cardiac regeneration in fish might be conserved
in the neonatal mammalian heart. To examine at a
histological level how the heart of neonatal mice
responds to injury, we surgically resected the left
ventricular apex (~15% of the ventricular myo-
cardium) from 1-day-old mice (13). Serial his-
tological analysis revealed progressive regeneration
of the apex, with full restoration of the resected
myocardium within 21 days (Fig. 1, A to H and
M). At 1 day post-resection (dpr), the resection
plane was characterized by a large blood clot that
sealed the entire apex (Fig. 1, E and F) and,
similar to the zebrafishmodel, was associatedwith

a robust inflammatory response (fig. S1). Later
time points revealed gradual resorption of the
apical blood clot and its replacement by normal
myocardial tissue (Fig. 1, E to H). By 21 dpr, the
entire apical defect was replaced by cardiomyo-
cytes, as detected by morphological analysis
(Fig. 1H) and cardiac troponin T staining (fig.
S5). In addition, many blood vessels were ob-
served in the regenerated ventricular apex at 21
dpr (fig. S2, A to D). Thus, at least histologically,
injury-induced heart regeneration in zebrafish (2)
and in neonatal mice appears to be similar.

Restoration of normal contractile function is a
crucial aspect of myocardial regeneration. There-
fore, we assessed left ventricular ejection fraction
by echocardiography 2 months after apical resec-

tion and confirmed that the newly formed apex
had normal systolic function, similar to sham-
operated hearts (Fig. 1N).

Given the capacity of neonatal mouse cardio-
myocytes to divide (14), we examined whether
apical resection stimulates cardiomyocyte prolifera-
tion. Cardiomyocytemitosis and cytokinesis were
assessed by colocalization of phospho-histone
H3 (pH3) and aurora B kinase, respectively, with
cardiac troponin T.We found a significantly high-
er number of pH3-positive, and aurora B kinase–
positive, cardiomyocytes in resected hearts relative
to sham-operated hearts at 7 dpr (Fig. 2, A to C,
fig. S3, F, H, and J, and fig. S4).

Cardiomyocyte proliferation is also charac-
terized by sarcomere disassembly—specifically,

Fig. 2. Cardiomyocyte proliferation accompanies
regeneration of the neonatal mouse heart. (A and
B) Cardiomyocyte mitoses were identified by stain-
ing for pH3 (green), troponin T (red), and nuclei
(blue) in sham-operated (A) and resected (B) hearts.
Arrowheads denote cardiomyocyteswith disassembled
sarcomeres; arrows show cardiomyocytes positive
for pH3. Scale bars, 200 mm. The inset is a high-
magnification image of a cardiomyocyte with dis-
assembled sarcomeres positively stained for pH3.
(C and D) Quantification of pH3 staining (C) and
sarcomere disassembly (D) at 7 dpr. Quantitative
analysis represents counts per field from four in-
dependent samples per group.

Fig. 3. The majority of newly
formed cardiomyocytes within the
regenerated apex are derived from
preexisting cardiomyocytes. (A) Quan-
titative analysis of BrdU/Nkx2.5+

nuclei at 21 dpr in sham-operated
and resected hearts, after three BrdU
pulses (at 1, 7, and 14 dpr). Quanti-
tative analysis represents counting of
multiple fields fromthree independent
samples per group (~12 fields per
group). Values are presented as
means T SEM; *P < 0.05. (B) b-
Galactosidase enzymatic staining of
aMHC-MerCreMer; Rosa26-lacZ re-
porter mouse heart at 21 dpr after a single dose of tamoxifen at birth. Scale bars,
1mm (upper panel), 100 mm(lower panel). (C) Quantification of the percentage of
lacZ-positive myocardium showing no difference between sham-operated and

resected hearts at 21 dpr. Quantitative analysis represents counting of multiple
fields from three independent samples per group (~18 fields per group). Values
are presented as means T SEM.
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bymarginalization of sarcomeric structures to the
periphery of the cells during mitosis (15, 16). A
significantly higher number of cardiomyocytes in
resected hearts displayed disorganized sarco-
meric structures relative to sham-operated hearts
at 7 dpr (Fig. 2, A, B, and D, and fig. S3, E, G,
and I). This proliferative response peaked at 7 dpr
and was activated in the entire heart, not just at
the regenerating apex (fig. S3). These findings
are consistent with the idea that the regenerative
potential of heart tissue in neonatal mice involves
widespread dedifferentiation and proliferation of
cardiomyocytes.

To establish whether the regenerated apex
contains newly formed cardiomyocytes, we used
5-bromo-2-deoxyuridine (BrdU) in a pulse-chase
experiment after apical resection. BrdU-positive
cardiomyocytes were identified within the newly
formed apex at 21 dpr after three BrDU pulses (at
1, 7, and 14 dpr) (Fig. 3A and fig. S5). Relative to
sham-operated controls, the number of BrdU-
positive cardiomyocyte nuclei was higher in the
apex and border zone regions of resected hearts
by a factor of ~7 (Fig. 3A). These data suggest
that these myocytes are newly formed and had
undergone at least one round of DNA replication.

We next used a genetic fatemapping approach
to determine the lineage of origin of cardiomyo-
cytes within the regenerated apex. Rosa26-lacZ
reportermicewere crossedwithaMHC-MerCreMer
(tamoxifen-inducible Cre recombinase under con-
trol of aMHC promoter) mice, and neonates were
given a single subcutaneous dose of tamoxifen at
birth to label the cardiomyocyte population (fig.
S6). Histological analysis revealed no differences
in the percentage of lacZ-positive myocardium
between sham and resected hearts. The majority
of cardiomyocytes within the newly formed apex
at 21 dpr stained positive for lacZ, indicating that
these myocytes arose from an aMHC-positive
cardiac lineage (Fig. 3, B and C) rather than from
an unspecified stem cell population.

Apical resection was not associated with in-
duction ofmyocyte hypertrophy (fig. S7, A to C),

or a robust fibrotic response (Fig. 1, I to L, and
fig. S7D), thereby distinguishing the regenerative
response from the repair process in the adult heart.
One of the hallmarks of the zebrafish cardiac
regenerative response is epicardial activation, char-
acterized by up-regulation of epicardial-enriched
genes (17). Apical resection of the neonatal mouse
heart was also associated with epicardial activation
(fig. S8).

To determine whether the regenerative po-
tential of the neonatal mouse heart is lost when
cardiomyocytes withdraw from the cell cycle, we
performed apical resection on 7-day-old (P7) mice,
a time point coinciding with cardiomyocyte pro-
liferative arrest in rodents (10). Because of higher
rates of surgical mortality in P7 pups relative to
P1 pups, a smaller proportion of the apex was
resected, with minimal chamber exposition (Fig.
4A). In contrast to 1-day-old mice, 7-day-old mice
failed to regenerate their myocardium after apical
resection (Fig. 4, A to C) and developed significant
fibrosis (Fig. 4, D to F). No evidence of sarcomere
disassembly or cardiomyocyte proliferation was
noted at 7 dpr (fig. S9). Collectively, these results
indicate that the regenerative capacity of the
neonatal mouse heart is lost within the first week
of postnatal life.

Our results show that surgical resection of the
ventricular apex in 1-day-old mice stimulates a
regenerative response that appears to restore the
damaged heart to its normal anatomy and func-
tion. The mouse heart loses this regenerative
potential within the first week of postnatal life,
which coincides with the developmental window
when cardiomyocytes become binucleate and
withdraw from the cell cycle (10). It is unclear
whether the loss of this regenerative potential in
the adult heart is due to an intrinsic cell cycle
block in adult cardiomyocytes, or to loss of mito-
genic stimuli as the heart ages (or both). Our
lineage-tracing data support a role for myocyte
proliferation in the neonatal heart’s regenerative
potential, but we cannot exclude the possibility
that stem or progenitor cells also contribute to

this process. It will be important to determine
the mechanisms by which the mammalian heart
switches off this regenerative capacity in theweek
after birth.
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Fig. 4. Lack of regeneration after
apical resection of 7-day-old mice.
(A to C) H&E staining at 1, 7, and
21 dpr, respectively. (D to F) Tri-
chrome staining at 1, 7, and 21
dpr. Note fibrotic scar (blue stain-
ing) surrounding resected ventric-
ular chamber at 7 and 21 dpr [(E)
and (F)]. Scale bars, 200 mm.
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Translation-Independent
Localization of mRNA in E. coli
Keren Nevo-Dinur, Anat Nussbaum-Shochat, Sigal Ben-Yehuda, Orna Amster-Choder*

Understanding the organization of a bacterial cell requires the elucidation of the mechanisms
by which proteins localize to particular subcellular sites. Thus far, such mechanisms have
been suggested to rely on embedded features of the localized proteins. Here, we report that
certain messenger RNAs (mRNAs) in Escherichia coli are targeted to the future destination of their
encoded proteins, cytoplasm, poles, or inner membrane in a translation-independent manner.
Cis-acting sequences within the transmembrane-coding sequence of the membrane proteins are
necessary and sufficient for mRNA targeting to the membrane. In contrast to the view that
transcription and translation are coupled in bacteria, our results show that, subsequent to their
synthesis, certain mRNAs are capable of migrating to particular domains in the cell where
their future protein products are required.

Targeting of specific mRNAs to different
subcellular domains is generally believed
to occur only in eukaryotes, where the syn-

thesis and processing of mRNA is compartmen-
talized between nucleus and cytoplasm (1–3).
In bacteria, gene transcription and translation
are not thought to be compartmentalized, and
conventional wisdom holds that translation is
coupled to mRNA synthesis (4). Consequently,
protein localization is believed to be governed
by intrinsic features of proteins and not of their
mRNA transcripts (5–7). Accordingly, several
bacterial mRNAs have been shown to localize
near the site of their synthesis on the genome
(8). On the other hand, the transcription ma-
chinery and the ribosomes occupy different sub-
cellular regions within different bacterial cells
(9, 10), raising the possibility that mature mRNAs
can move from the nucleoid to other cellular sites
where they are translated. Here, we report the
existence of bacterial mechanisms for subcel-
lular protein localization that operate at the level
of mRNA targeting in a translation-independent
manner.

We followed the location of cat and lacY tran-
scripts, encoding the cytoplasmic chloramphen-
icol acetyltransferase and the membrane-bound
lactose permease, respectively (11, 12), in living
Escherichia coli cells by cloning six copies of the
binding sequence of phage MS2 coat protein
(6xbs) upstream of these genes. We visualized
the resulting 6xbs-tagged cat and lacY transcripts
(cat6xbs and lacY6xbs, respectively) by fluorescence
microscopy in cells expressing the MS2 coat
protein fused to green fluorescent protein (MS2-
GFP) (fig. S1) (13). We observed the cat transcripts
in the cytoplasm in a helixlike pattern (Fig. 1A,
a, and fig. S2), reminiscent of the helical RNA
structures documented previously in E. coli (14).

In contrast, we detected lacY transcripts prefer-
entially at or near the cytoplasmic membrane
(Fig. 1A, b). In cells lacking 6xbs-tagged tran-
scripts, MS2-GFP was evenly distributed through-
out the cytoplasm (Fig. 1A, c), whereas the
distribution of short transcripts, composed of the
6xbs, was similar to cat (fig. S3). We also ex-
amined the subcellular localization of cat and
lacY transcripts by cellular fractionation fol-
lowed by reverse transcription and polymerase
chain reaction amplification (RT-PCR), resulting
in the detection of cat and lacY transcripts in the
cytosolic and membrane fractions, respectively
(Fig. 1B, a and b). We used real-time PCR to
quantify the enrichment in cat and lacY transcripts
in the cytosolic and membrane fractions, respec-
tively (fig. S4). Taken together, each of these
transcripts localizes to the compartment where
its protein product functions.

To examine the subcellular localization of tran-
scripts of an operon that encodes both mem-
brane and soluble proteins, we introduced the
6xbs in various locations within the bgl operon
of E. coli that encodes the BglG transcription
factor, the BglF membrane-bound sugar per-
mease, and the soluble phospho-b-glucosidase,
BglB. We then confirmed functionality of all 6xbs-
tagged transcripts [see supporting online mate-
rial (SOM) (15)]. When the 6xbs were introduced
immediately upstream of the chromosomal bglF
gene, the MS2-GFP protein was observed at the
cell membrane (Fig. 1A, d). In contrast, when
the chromosomal bglF gene was replaced by
cat6xbs, the MS2-GFP displayed a helical, away-
from-the-membrane distribution, the same as
that of plasmid-encoded cat (Fig. 1A, e). We no-
ticed localization patterns similar to the ones
obtained in live cells when we used fluorescence
in situ hybridization (FISH) to detect bglF and
cat transcripts (Fig. 1D and fig. S5). To examine
the correlation between the localization of the
bglF transcript and the BglF protein, mCherry
was fused to bglF6xbs. We observed the BglF-
mCherry fusion protein around the cell membrane
(Fig. 1C, b), which is similar to the MS2-GFP
localization pattern (Fig. 1C, a and c) and different

from the localization of mCherry mRNA and
protein when not fused to BglF (fig. S6). In fact,
all truncated transcripts of the bgl operon that
included bglF localized to the membrane (Fig.
1A, g, h, j, and k), including transcripts of bglF
expressed as a monocistron (Fig. 1A, f). This
pattern of localization did not depend on wheth-
er the 6xbs were introduced adjacent to bglF
(Fig. 1A, f, g, and j), bglB (Fig. 1A, h), or bglG
(Fig. 1A, k). However, transcripts expressing
only the soluble BglB protein were distributed
similarly to cat transcripts (Fig. 1A, i), whereas
those containing only the bglG gene were de-
tected near the poles (Fig. 1A, l), similar to the
localization pattern of the BglG protein in cells
not expressing BglF (16). Cellular fractionation
followed by RT-PCR confirmed that all tran-
scripts containing the membrane protein–encoding
bglF gene localized to the membrane, whereas
transcripts encoding only the soluble BglB protein
were present in the cytosol, and those encoding
the polar BglG were detected in the membrane
and in the cytosolic fractions (Fig. 1B, c to k).
Thus, localization of the monocistronic transcripts
of each bgl gene correlates with subsequent lo-
calization of the respective protein products. How-
ever, the membrane-encoding cistron is dominant
to the hydrophilic-encoding cistron in determin-
ing localization of multicistronic mRNAs. Con-
versely, a bicistronic mRNA, which consists of
bglG and cat6xbs, exhibited the localization pat-
tern of both partners—that is, helical with accu-
mulation near the poles (Fig. 1A, m, and fig.
S7, a to c).

To determine if targeting is a property of the
mRNA, we uncoupled transcription and trans-
lation by treating the cells with vast excess of
kasugamycin or chloramphenicol, which inhibit
initiation or elongation of translation, respective-
ly (17, 18). These treatments resulted in complete
inhibition of bglF mRNA translation (fig. S8),
but did not affect targeting of bglF transcripts to
the membrane (Fig. 2, B and F). Treatment with
each antibiotic had no effect on the distribution
of MS2-GFP itself (Fig. 2, A and E). Chloram-
phenicol was reported to slightly increase stability
of certain mRNAs (19), but we saw no substantial
difference in the half-life of bglF transcripts in
treated and untreated cells (fig. S9). Of note, the
half-life of bglF transcripts is shorter than that of
most E. coli mRNAs (20) and considerably
shorter than the duration of treatment with both
antibiotics. Hence, most, if not all, bglF tran-
scripts observed after antibiotic treatment were
new untranslated transcripts. Treatment with the
transcription-inhibiting drug rifampicin, with or
without kasugamycin or chloramphenicol, re-
sulted in a lack of bglF6xbs transcripts and, hence,
in even spreading of MS2-GFP molecules in the
cell (fig. S10). The distribution of bglG6xbs or
cat6xbs transcripts was also not affected by the
translation-inhibiting antibiotics (Fig. 2, C, D,
and G, and fig. S11). Therefore, these mRNAs
seem to harbor the information that determines
their nonrandom localization in the cell by a
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translation-independent mechanism. To reinforce
this conclusion, we aimed at uncoupling tran-
scription and translation by a different approach.
Mutating the first codon of bglF yielded tran-
scripts that were targeted to the membrane (Fig.
3A), but some translation from a downstream
start codon was detected (fig. S12). To complete-

ly inhibit protein synthesis, we introduced a “5-
translational blockage” (21), which consisted of
12 consecutive rare leucine codons, near the 5′
end of the bglF gene. The resultant transcript
was readily detected by RT-PCR, but as
expected, its translation was blocked (fig. S13).
Noticeably, this untranslated bglF mRNA was

viewed near the membrane (Fig. 3B), demon-
strating once again that membrane recruitment
of the mRNA is translation-independent.

To characterize the mRNA element that tar-
gets bglF transcripts to the membrane, we fused
the 6xbs to truncated bglF derivatives that en-
code either the hydrophilic IIBbgl domain or the

Fig. 1. Subcellular lo-
calization of mRNA tran-
scripts correlates with
subsequent localization
of their protein products.
(A) Fluorescence micros-
copy images of cells ex-
pressing MS2-GFP (green)
and transcripts contain-
ing or lacking binding
sites for MS2-GFP. “6xbs”
after a gene’s name de-
notes that the MS2 bind-
ing sites were introduced
immediately next to this
gene. Cells shown in (l)
were supplemented with
the fluorescent membrane
stain FM4-64. Transcripts
were plasmid-encoded,
unless otherwise stated.
Scale bar, 1 mm. (B) Cells
deleted for the bgl operon
and transformed with plas-
mids encoding the genes
listed on the right were
fractionated as described
in the SOM (see fig. S17
for verification of success-
ful fractionation) (15).
Transcripts, expressed as
mono- or multicistronic,
present in the different
fractions were monitored
by RT-PCR. Purple indi-
cates those genes whose
sequence was amplified.
In (h) and (k), the junc-
tion region between the
genes in purple was am-
plified. mem, membrane;
cyto, cytosol. (C) (a and
b) Fluorescence microsco-
py images of cells express-
ing MS2-GFP (green) and
a BglF-mCherry fusion pro-
tein (red), whose transcript
contains the 6xbs. (c) An
overlay of the signals.
Scale bar, 1 mm. The pos-
sibility of false detection
due to fluorescence leak-
age between the filters
was ruled out. The white
arrows point at a cell in
which the 6xbs-tagged
bglF-mCherry transcripts
are detected (a) and the BglF-mCherry protein is not (b) (see also the results in fig. S18). (D) Chromosome-encoded bglF6xbs (a) or cat6xbs (b) transcripts were
detected by FISH, as described in the SOM (15), and DNA was stained with 4´,6´-diamidino-2-phenylindole (see fig. S5) (15). Scale bar, 1 mm.
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hydrophobic IICbgl domain [designated the B
and C domains, respectively, hereafter (22)] and
followed their subcellular localization. Tran-
scripts encoding the soluble B domain were ob-
served in the cytoplasm (Fig. 4A, a), in accord
with localization of the encoded protein (Fig.
4B), whereas those encoding the membrane C
domain were detected at the membrane (Fig.
4A, b). Therefore, the membrane-targeting infor-
mation is located within the sequence that en-
codes the membrane-spanning domain. Transcripts
of a bglF6xbs variant that contains a stop codon
before the end of the first domain, thereby yield-
ing a full-length bglF transcript that encodes
only the soluble B domain (termed B22; fig.
S14), were observed at the membrane (Fig. 4A,
c), substantiating the notion that the cis-acting
sequence for membrane targeting is contained
within the transcript. RT-PCR after cell fraction-
ation confirmed the microscopy observations (Fig.
4C). Taken together, targeting of bglF transcripts
to the membrane requires the region that encodes
the membrane domain, but translation of this
region is not necessary. Further dissection of the
sequences required for transcripts localization
demonstrated that the sequence encoding the
first two transmembrane helices of BglF is suf-
ficient for membrane targeting of the transcripts
(Fig. 4A, d), whereas the region encoding the
N-terminal RNA-binding domain of BglG is suf-
ficient for mRNA polar targeting (fig. S7, d to f).

The results presented here show that mech-
anisms for targeting mRNAs to subcellular loca-
tions, where their protein products are required,
exist in bacteria. Previously, mRNA features were
proposed to be involved in targeting proteins to
the type III secretion system in Gram-negative
bacteria (23). mRNA targeting might be tied to
processes other than localized translation, for
instance, mRNA degradation. The latter possibil-
ity is in accord with previous reports showing
that components of the E. coli mRNA degrado-
some associate with the membrane and assem-
ble into helical filaments (24, 25). Our study
also establishes the existence of a translation-
independent RNA transport mechanism in bacte-
ria. By and large, mRNA localization can be
achieved by facilitated diffusion in the cyto-
plasm or by active transport along cytoskeletal
filaments (26, 27). The short half-life of the bglF
transcripts suggests that an active mechanism is
involved in targeting them to the membrane.
The finding of inner membrane-bound ribosomes
in E. coli, which are actively engaged in transla-
tion (28), indicates that the set-up for translation
of transcripts that encode membrane proteins ex-
ists. Regarding the zip codes that target mRNAs
to the membrane, a recent analysis suggested that
uracils, which are highly represented in tran-
scripts that encode integral membrane proteins,
might serve as a physiologically relevant signa-
ture to this group of mRNAs (29). This evolu-
tionarily conserved U richness might serve as a
zip code that attracts proteins, including ribosomal
proteins, which bring the transcripts to the mem-

Fig. 2. Transcripts localization is
not affected by inhibition of trans-
lation. (A to G) Fluorescence micros-
copy images of cells expressing the
MS2-GFP protein (green) and bglG-
bglF transcripts lacking binding sites
for MS2-GFP [(A) and (E)], bglG-
bglF6xbs [(B) and (F)], bglG6xbs [(C)
and (G)], or cat6xbs (D) transcripts.
The cells were treated for 10 min
with 10mg/ml kasugamycin [(A) to
(D)] or 250mg/ml chloramphenicol
[(E) to (G)] before microscopy. Scale
bar, 1 mm.

Fig. 3. Membrane local-
ization of bglF transcripts
is not affected by transla-
tional blockage. Fluores-
cence microscopy images
of cells expressing the MS2-
GFP protein (green) and
6xbs-tagged transcripts of
bglF alleles, which have
either a mutated start co-
don (A) or 12 consecu-
tive rare leucine codons
(CUA) near the 5′ end
(B). Scale bar, 1 mm.
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brane. Indeed, an mRNA encoding the rhomboid
1 transmembrane protein from Drosophila mela-
nogaster still localized predominantly to the mem-
brane in E. coli cells (fig. S15). Finally, our
results imply that mRNA targeting is in tight
correlation with the requirements for complex
formation. Specifically, bglG mRNA is targeted
to the membrane or to the poles, depending on
whether it is expressed with or without bglF,
respectively. This is in full agreement with the
localization of the BglG protein, which associates
with BglF at the membrane (30) or with the gen-
eral PTS proteins at the poles (16), depending on
environmental conditions.
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Fig. 4. Membrane local-
ization of bglF transcripts
requires the membrane
domain-encodingsequence.
(A) Fluorescence micros-
copy images of cells ex-
pressing the MS2-GFP
protein (green) and 6xbs-
tagged truncated bglF
transcripts encoding: (a)
the soluble B domain;
(b) the membrane-bound
C domain; (c) the mutant
B22 allele, which yields
a full-length transcript
but a truncated B domain
due to a stop codon; and
(d) the B domain and the
first two transmembrane
helices of the C domain.
The bglF transcripts and
their respective protein
products are schematical-
ly shown. stop, stop co-
don; b, bases; aa, amino
acids. Scale bar, 1 mm.
(B) Fluorescence micros-
copy images of cells
expressing MS2-GFP
(green) and the B do-
main of BglF fused to mCherry (red), whose transcript contains the 6xbs. Scale bar, 1 mm. (C) Cell fractionation and detection of transcripts by RT-PCR as described in
Fig. 1B. (a), (b), and (c) are as in (A). The bglF sequence amplified in each case is in purple.
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Snap-FrEEzE TiSSuE Clamp
The BioSqueezer is used to quickly freeze animal and human tissue sam-
ples. Tissue can be compressed into a thin disc under the metal clamp 
head that is pre-cooled in liquid nitrogen or dry ice. The tissue freezes in 
less than one second, thus capturing a snapshot of the metabolic events 
in the cells. The hard frozen disc is easily fragmented or ground without 
thawing for subsequent extraction of labile nucleic acids, proteins, and in-
tracellular metabolite products.

BioSpec products
For info: 800-617-3363      www.biospec.com

laBoraTory ChillErS
The new polar Series thermostatic laboratory chillers, the accel 250 
and accel 500, have a temperature range from -10°C to 80°C, allow-
ing users to select the optimal temperature set-point for each appli-
cation. Thermostatic technology enables fast temperature ramping, 
and this delivers immediate heating and cooling for an extremely 
efficient workflow. Furthermore, the energy-saving mode in the se-
ries makes it an environmentally friendly option for any laboratory 
requiring precise temperature control. The polar Series is ideal for an 
expansive range of applications, including chemical reaction control, 
separations, spectroscopy, and surface science.These easy-to-use 
laboratory chillers are programmable via an intuitive user interface, 
making it simple to set required temperature parameters. a compact 
footprint and minimal noise allow for convenient placement within 
labs, increasing laboratory efficiency. This range of CE- and CSa-
compliant chillers has an intuitive plug-and-play design, eliminating 
any lengthy installation processes.
Thermo Fisher Scientific 
For info: 800-258-0830      www.thermoscientific.com/tc

CEll SiGnalinG aSSayS
DetectX Chemiluminescent assays allow detection of important 
cell signaling molecules, Cyclic amp (camp), Cyclic Gmp (cGmp), 
and prostaglandin E2. The DetectX Chemiluminescent prostaglandin 
E2 kits, K018-C1 and K018-C5, quantitatively measure less than 
0.5 femtogram of pGE2 per sample, with an assay range from 
320 pg/ml to 0.5 pg/ml, in cells, tissue, saliva, and plasma by 
using the stable liquid assay components supplied in the kits. The 
DetectX Chemiluminescent Direct camp kits, K019-C1 and K019-C5, 
quantitatively measures about four times lower levels of camp than 
other assays—less than 1 femtomole of camp per sample—with 
an assay range from 15 pmol/ml to 0.039 pmol/ml. The DetectX 
Chemiluminescent Direct Cyclic Gmp kits, K020-C1 and K020-C5, 
quantitatively measures less than 1 femtomole of cGmp per sample 
in cells by simply adding the supplied diluent and transferring to the 
assay components supplied in the kit, with an assay range from 3 
pmol/ml to 0.031 pmol/ml.  
arbor assays
For info: 734-677-1774      www.arborassays.com

STain-FrEE prECaST GElS
With the recently launched Criterion Tris-Glycine eXtended (TGX) 
Stain-Free precast gels, researchers can achieve protein separation, 
gel imaging, and data analysis in 25 minutes—without the need for 
staining. Current protein electrophoresis staining and destaining pro-
tocols can take up to three hours to complete: handcast and precast 
gels can take 45–60 minutes to run and traditional Coomassie stain-
ing can add another two hours of work before analysis. in addition 
to its speed, Criterion TGX Stain-Free precast gels outperformed the 
Coomassie staining system in terms of sensitivity, reproducibility, 
and performance. unlike other precast gels, which require expen-
sive specialized buffer systems and stains, the gels use the standard 
laemmli buffer system and do not require staining, which keeps 
running costs low. Criterion TGX Stain-Free gels are available in 4 
to 15 percent and 4 to 20 percent as well as a unique formulation, 
any kD, that allow the resolution of proteins across a wide range of 
molecular weights (10–250 kD). 
Bio-rad laboratories
For info: 800-424-6723      www.myelectrophoresis.com

mulTiDruG rESiSTanT BaCTEria
The Klebsiella pneumoniae Superbug (nDm-1) is now available 
through aTCC.  antibiotic-resistant, gram-negative bacteria includ-
ing Klebsiella, Acinetobacter, Pseudomonas, and Escherichia coli 
isolates continue to emerge with increasing levels of drug-resis-
tance due to horizontal transfer of known and novel resistance 
mechanisms, such as nDm-1. isolates with nDm-1 have recently 
spread from india to Europe, to the united States, and to Japan. The 
newly available multidrug resistant, human clinical isolate Klebsiella 
pneumonia is positive for new Delhi metallo-β-lactamase (nDm-
1). The nDm-1 enzyme can inactivate all classes of β-lactams and 
all carbapenems, except for aztreonam, and this gene can easily 
transfer between bacterial species. The culture’s genomic Dna is 
also available. The Klebsiella pneumoniae strain has the blanDm-1 
gene (confirmed by polymerase chain reaction [pCr] and nucleo-
tide sequencing), and is negative for the blaKpC gene (confirmed 
by pCr).
aTCC
For info: 800-638-6597      www.atcc.org
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POSITIONS OPEN

DISTINGUISHED POSTDOCTORAL
SCHOLAR PROGRAM in
Biological Complexity

North Carolina State University

North Carolina State University (NCSU) is
embarking on a new university-wide interdisci-
plinary initiative in biological complexity encom-
passing systems genetics, behavioral neurogenetics
and neurogenomics, genome-environment in-
teractions, ecological genetics, systems ecology,
climate change, computational biology, and
bioinformatics.
Associated with the new initiative in biolog-

ical complexity is a distinguished postdoctoral
scholar program. Applicants are expected to be
near completion of a terminal Doctorate degree,
have a strong research record with evidence of
exceptional scholarship, and embrace interdisci-
plinary research. Postdoctoral scholars will re-
ceive competitive stipends and independent research
funds to initiate an innovative research program
with guidance from a multidisciplinary mentor-
ing committee in areas covered by the initiative in
biological complexity.
To apply for postdoctoral scholar positions,

go to website: http://jobs.ncsu.edu/applicants/
Central?quickFind089221 (position number
100552), and provide a cover letter, curriculum
vitae, a three-sentence statement of the most
significant scientific problem(s) to be addressed
in the near future, and statements of research in-
terests. Three letters of recommendation should
be sent to e-mail: genetics@ncsu.edu. Review
of applications will begin immediately, and
continue until the positions are filled.

North Carolina State University is an Affirmative Action/
Equal Opportunity Employer. All qualified applicants will
receive consideration for employment without regard to race,
color, national origin, religion, sex, age, veteran status, or
disability. In its commitment to diversity and equity, NCSU
seeks applications from women, minorities, and persons with
disabilities. NCSU welcomes all persons without regard to
sexual orientation. ADA Accommodations: please call
telephone: 919-515-5727.

DEAN
College of Agricultural and Life Sciences

University Of Wisconsin–Madison

The University of Wisconsin-Madison, one of the
world_s outstanding public research and teaching uni-
versities, invites nominations and applications for the
position of Dean of the College of Agricultural and Life
Sciences. The college offers graduate and undergrad-
uate instruction keyed to research, education, business,
industry, communications, conservation and natural re-
sources, production, technical assistance in national and
international programs, and numerous interdisciplinary
studies and research. The college embodies the univer-
sity_s land grant mission, which includes extension and
outreach to the citizens of the state and beyond. Please
see the following page for a full description of the va-
cancy, qualifications, and application/nomination infor-
mation website: http://www.secfac.wisc.edu/searches/
CALSdean2011/VacancyAnnouncement2011.htm.
Submit electronic applications/nominations to e-mail:

ag-and-life-sciences-dean-search@secfac.wisc.edu
by 4 April 2011 to ensure consideration.

The University of Wisconsin-Madison is an Equal Opportunity,
Affirmative Action Employer.

Seeking a POSTDOCTORAL TRAINEE with
M.D. or Ph.D. in a health science with three or more
years postdoctoral. Experience in diagnostics. Opening
for studies and work in diagnostics and R&D in a small-
specialized private laboratory with university ties that has
grown for 17 years. Chance for life-long career. Mail
curriculum vitae with data on training and visa status
to: Laboratory Director, PO Box 26, Buffalo, NY
14215.

POSITIONS OPEN

National Institute of Standards and
Technology

U.S. Department of Commerce

The National Institute of Standards and Tech-
nology (NIST), Information Technology Labora-
tory (ITL) is seeking a highly qualified individual
for the position of DIVISION CHIEF for the
Information Access Division. The Division carries
out interdisciplinary collaborations with indus-
try, academia, and other government agencies to
accelerate the research development, and adop-
tion of standards and testing tools that improve
access to multimedia and other complex infor-
mation in topic areas such as Human Language
Technology, Biometrics Technology, Identi-
fication and Verification Technology, Multi-
media Technology, Usability Engineering, Data
Preservation, and Human-System Interaction.
Title of Positions: Supervisory Computer

Scientist, ZP-1550-V; Supervisory Electronics
Engineer, ZP-0855-V; Supervisory Mathe-
matician, ZP-1520-V. Salary range: $123,758–
$155,500. Geographic location of position:
Gaithersburg, Maryland. Tenure: Permanent.
Work schedule: Full Time. Relocation expenses:
Relocation Expenses are authorized.
For further information and to apply for this

position, visit thewebsite: http://www.usajobs.
opm.gov. The job announcement number asso-
ciated with this position is NISTITL-2011-
0015. The vacancy opens February 16, 2011
and closes March 16, 2011. U.S. Citizenship is re-
quired. The Department of Commerce is an Equal Op-
portunity Employer.

POSTDOCTORAL RESEARCH ASSOCIATE
in Microbial Physiology/Functional Genomics
Oak Ridge National Laboratory - Oak Ridge, TN

Project Description: The successful candidate will
join a multidisciplinary team of investigators who apply
advanced genomics-enabled techniques to understand
the physiology and ecology of microorganisms in sup-
port of U.S. Department of Energy Bioenergy missions.
There will be opportunities to be involved in other proj-
ects as part of the new Bioenergy Science Center, which
will use a wide range of systems biology approaches
(e.g. metabolomics, proteomics) to develop new ways
to convert biomass into biofuels.
Qualifications: The position requires a Ph.D. degree

with experience in microbiology, molecular biology,
genetics, bioinformatics, or related field. Experience or
knowledge is highly desirable in genomic databases,
use of statistical tools such as R, SAS and bioinformatics
analysis tools such as JMP Genomics. Excellent ana-
lytical, problem solving, interpersonal skills required,
outstanding written and verbal communication skills
are requisite. Applicants cannot have received the most
recent degree more than five years prior to the date of
application and must complete all degree requirements
before starting their appointment.
How to Apply: Qualified applicants must apply online

atwebsite: https://www2.orau.gov/ORNL_POST/.
All applicants will need to register before they can be-
gin the online application. For complete instructions,
on how to apply, please see the instructions at website:
http://www.orau.gov/orise/edu/ornl/ornl-pdpm/
application.htm.
This appointment is offered through the ORNL

Postgraduate Research Participation Program and is
administered by the Oak Ridge Institute for Science
and Education (ORISE). The program is open to all qualified
U.S. and non-U.S. citizens without regard to race, color, age,
religion, sex, national origin, physical or mental disability, or
status as a Vietnam-era veteran or disabled veteran.

o
n

li
n

e
 @

sc
ie

n
ce

ca
re

e
rs

.o
rg

25 FEBRUARY 2011 VOL 331 SCIENCE www.sciencecareers.org1086



The Laboratory of Infectious Diseases

(LID), Division of Intramural Research

(DIR), National Institute of Allergy and

Infectious Diseases is seeking an

outstanding individual to study the

molecular biology and pathogenesis of

hepatitis C virus and to develop and test

candidate vaccines, immunotherapy,

and immunoprophylaxis strategies.

Studies of other human hepatitis

viruses are also encouraged.

The incumbent will be expected to

conduct a vigorous research program

that includes molecular virology, studies

of protective immunity, production and

characterization of candidate vaccines,

and testing of vaccines and antibodies

in animal models including nonhuman

primates. The incumbent will benefit

from unique opportunities to interact

with other members of LID and DIR who

perform basic and translational research

on hepatitis and other viruses.

LID has a diverse portfolio of virus

vaccine research and an extensive

collection of hepatitis specimens from

humans and nonhuman primates.

Access to nonhuman primates, state-

of-the-art core research support, and

the NIH Clinical Center—a premier

research hospital on the main NIH

campus—is available.

Additional information about

LID is available online at

www.niaid.nih.gov/LabsAnd

Resources/labs/aboutlabs/lid.

DIR provides support for salary,

technical personnel, postdoctoral

fellows, equipment, and research

supplies. Salary is dependent on

experience and qualifications.

Applicants must have an M.D., Ph.D.,

M.D./Ph.D., or equivalent degree in

a relevant field with extensive

postdoctoral experience, as well as a

strong publication record demonstrating

potential for creative research.

Interested candidates may contact Jeffrey

Cohen, LID Chief, at 301-496-5265 or

jcohen@niaid.nih.gov for additional

information about this position.

Tenure-Track/Tenure-Eligible Investigator
Hepatitis Virus Vaccine Research

National Institute of Allergy and Infectious Diseases

Proud to be Equal Opportunity Employers

U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES

National Institutes of Health

N
IA

ID

To apply, submit your curriculum vitae, bibliography, and a
detailed statement of how your expertise can contribute to the
success of the hepatitis virus program to Ms. Bao-Hahn Ngo at
LIDViralHepatitisSearch@niaid.nih.gov. In addition, three
letters of reference must be sent directly from the referee to
Dr. Bernard Moss, Chair, NIAID Search Committee, c/o
Ms. Bao-Hahn Ngo at LIDViralHepatitisSearch@niaid.nih.gov
or 10 Center Drive, MSC 1356, Building 10, Room 4A22,
Bethesda, MD 20892-1356. E-mail is preferred.

Applications will be reviewed starting on April 25, 2011
and will be accepted until the position is filled. Further
information regarding DIR laboratories is available
at www.niaid.nih.gov/about/organization/dir,
and information on working at NIAID is available
at www.niaid.nih.gov/careers/dat.

A full package of benefits (including retirement and health,
life, and long-term care insurance) is available. Women and
minority candidates are especially encouraged to apply. U.S.
citizenship is not required.

National Institute of Allergy and Infectious Diseases



Download your free copy today at

ScienceCareers.org/booklets

Research Fellow Posi�ons at Suzhou Ins�tute of Biomedical Engineering

and Technology (SIBET), Chinese Academy of Sciences (CAS)

Suzhou, Jiangsu, China

SIBET is situated in Suzhou, an ancient city near Shanghai in China. SIBET

are focusing on the breakthrough of core technologies in detection

based on spectroscopy, nuclear medical detector, micro-nano sensors

and medical semiconductor laser by integra�ng high technology in �elds

of biology, photoelectricity, nuclear medicine and computer. SIBET is

dedicated to develop mature products in the medical instrumenta�on,

medicalmaterials and biomedical reagents tomeet the demands of public

health and domes�c medical industry development. Currently, the R&D

�elds include medical laser, biomedical measurement, medical imaging,

biomedical electronics, biomaterials and biomedical reagents.

We are seeking candidates for research fellow posi�ons at Associate

Professor/Professor levels to work in the �elds of (1) medical laser, (2)

medical imaging, (3) clinical diagnosis and analysis, (4) biomedical signal

processing and (5) biomedical reagents.

Generous startup packages to develop successful labs and compe��ve

salaries and bene�ts will be provided.

Candidates should have a Ph.D., an outstanding track record of scien��c

produc�vity, theability tomanage labsand researchprojects independently,

and excellent communica�on skills in Chinese and English.

Send curriculum vitae, a statement of research interests and future plans,

and a list of three references to:

Prof. Xuan Ming,

President, Suzhou Ins�tute of Biomedical Engineering and Technology

(SIBET)

Human Resource Department of SIBET

88 Keling Road, SND, Suzhou 215163, China

Tel: 86-512-69588025; Fax: 86-512-69588088

Email: talent@sibet.ac.cn

New Positions in Environmental Sciences

The Environmental Sciences Division with the College of Agricultural and
Environmental Sciences announces threeAssistant Professor positions reflect-
ing a new suite of planned investments in Environmental Sustainability.

The positions currently being recruited are:

Assistant Professor -MolecularEcotoxicologist: (Department of Environ-
mental Toxicology - http://www.envtox.ucdavis.edu/): This position will
provide research leadership in the ecotoxicology of human impacts at the
urban-agriculture-wildlands interface. The ideal candidate would provide
linkage of chemical impacts at the molecular level with those at the popula-
tion and community levels.

Assistant Professor - Regional ClimateModeler (Department of Land,Air
andWater Resources - http://lawr.ucdavis.edu/): This position will provide
research leadership in applications of modeling the dynamical and physical
processes that influence regional climate change. The ideal candidate would
link atmospheric processes with other components of the Earth system,
especially hydrologic and biogeochemical processes.

Assistant Professor - Urban Conservation Ecologist (Department of
Wildlife, Fish, and Conservation Biology – http://wfcb.ucdavis.edu/):
The position is expected to provide research leadership in conservation in
urban and anthropogenically-influenced environments. We seek candidates
with vertebrate expertise, and we are especially interested in applicants who
work with birds.

For additional information about these positions, and to submit application
materials, please visit http://recruitments.ucdavis.edu. All positions are
open until filled, but all applicationmaterials, including letters of recommen-
dation, should be received by April 1, 2011 to assure full consideration.

UC Davis is an Affirmative Action/Equal Employment Opportunity
Employer and is dedicated to recruiting a diverse faculty community. We
welcome all qualified applicants to apply, including women, minorities,

veterans, and individuals with disabilities.

Assistant Professor,

Tenure-Stream

The Department of Physiology, University of Toronto invites applications
for a tenure-stream position in the area of Developmental Physiology. This
position will be at the rank of Assistant Professor and will be effective on or
after July 1, 2011.

We are searching for an outstandingDevelopmental Physiologist whose research
program complements those in the Department. Preference will be given to
candidates whose major area of study is the cellular and molecular basis of
neuroendocrine, endocrine or placental development with a focus on how early
development influences physiological function in later life.

Candidates will currently have experience in a range of innovative approaches,
including epigenetics, proteomics, genetic manipulations and/or imaging. The
successful candidate will participate fully in the research and teaching programs
of the Department. Evidence of excellence in research and teaching is required.
This tenure-stream position offers outstanding scholarly and scientific resources
and unique opportunities to interact with related departments and research
centers throughout the University of Toronto, its affiliated hospitals and the
Toronto research community. The successful candidate will have a PhD, MD
or equivalent graduate degree with several years of post-doctoral training and
excellence in fundamental research. Salary to be commensurate with qualifica-
tions and experience.

Applications will be accepted online. For further details and to apply online
please visit www.jobs.utoronto.ca/faculty, Job #1100173. Closing date for
applications is April 7, 2011. Please ensure that you include a current CV,
a clear statement of your specific research and teaching interests, and the
names and contact information of at least three references. We encourage
applicants to combine PDF or MS WORD documents into one or two files.
For more information about the Department of Physiology, please visit www.
physiology.utoronto.ca.

The University of Toronto is strongly committed to diversity within its
community and especially welcomes applications from visible minority group
members, women, Aboriginal persons, persons with disabilities, members
of sexual minority groups, and others who may contribute to the further
diversification of ideas. All qualified candidates are encouraged to apply;
however, Canadians and permanent residents will be given priority.
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Vice President for Health Sciences Research and Graduate Education
Robert C. Byrd Health Sciences Center

West Virginia University (WVU) Health Sciences Center (HSC) seeks an accomplished and dynamic individual to serve as Vice
President for Health Sciences Research and Graduate Education. The HSC is committed to continuous development as a high quality
academic institution, with unique responsibilities to the State of West Virginia and commitment to impacting national and interna-
tional research and academic programs. This commitment is underscored further in the Strategic Plans recently completed by both
the University and the Health Sciences Center. Establishing leading edge research programs is a top strategic priority for the Health
Sciences Center and is consistent with the Health Sciences Center vision: Transforming Lives and Removing Health Disparities.

The four HSCSchools, Dentistry,Medicine, Nursing and Pharmacy, are actively engaged in a broad spectrum of research activities. The
HSC places pronounced emphasis on its research mission reflected by recent changes to position the HSC for continued growth. The
biomedical PhD programs have been reorganized around cross disciplinary themes with an integrated, common first year curriculum
consistent with contemporary approaches to doctoral education. Research efforts are organized to underscore cross discipline, clini-
cal and translational research themes with emphasis on cancer, neuroscience and cardiopulmonary investigations through organized
centers. The Strategic Plan of both the University and HSC also underscore the need to develop effective programs in commercial-
ization and industry relations. In addition, the Health Sciences Center is home to Prevention Research and Injury Control Research
Centers, funded by CDC. Approximately 200,000 sq. ft. of new research space was opened last year with new and renovated animal
facilities to open within the next year and a half.

Responsibilities:This position reports directly to the Chancellor for Health Sciences ofWest Virginia University. The Vice President
for Health Sciences Research andGraduate Education has responsibility for developing, coordinating and stimulating research activity
and scholarship. To maximize the impact of HSC-based research across the university campus, this position will work closely with
the University’s Provost Office, the Research Corporation and University colleges. The incumbent will work to increase and diversify
research and scholarship, peer-reviewed extramural funding, technology transfer and graduate education. The HSC research office
is responsible for internal funding initiatives and enhancing research development infrastructure.

Qualifications:
• Doctoral degree and credentials which qualify for the rank of Professor
• Demonstrated record of academic accomplishments and innovation having national and international impact
• Demonstrated understanding of the link between research and graduate education
• Demonstrated ability to foster academic and research program development and excellence, with particular emphasis on individual
experience in basic, clinical, population and translational research
• Demonstrated and diverse experience in managing federal, state and foundation research initiatives and funding sources
• Demonstrated expertise/experience in technology commercialization and enhancing faculty engagement in technology
commercialization
• Substantial and sequential administrative experience in an academic HSC or similar work environment
• Demonstrated ability to foster cross disciplinary research, delegate authority and ensure accountability
• Demonstrated ability to be a positive, supportive role model for faculty and students
• Demonstrated commitment to diversifying the faculty and students

Application materials should include a letter addressing how the candidate’s experiences match the position requirements, a cur-
riculum vitae, and the name, title, e-mail and business address and business and home telephone numbers of at least five professional
references. Submission of materials in the form of electronic documents is strongly encouraged. Individuals wishing to nominate
candidates for the position should submit a letter of nomination, including the name, position, address, and telephone number of the
nominee.West Virginia University is strongly committed to diversity and encourages nominations and applications from all qualified
individuals. The position will remain open until filled.

Confidential requests for information, written nominations and application materials should be directed to:
Dr. Suresh Madhavan

Chair/Professor, Pharmaceutical Systems & Policy
Chair, Search Committee
c/o Carol B. Smith

Robert C. Byrd Health Sciences Center
West Virginia University
Post Office Box 9000

Morgantown, WV 26506-9000
(304) 293-4512

cbsmith@hsc.wvu.edu

West Virginia University is an Equal Opportunity/Affirmative Action Employer.
WVU Health Sciences Center is a tobacco-free campus.
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ScienceCareers.org

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.
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The Model Animal Research Center (MARC) of Nanjing University

invites applica�ons for full-�me faculty posi�ons, at academic

ranks of Associate or Full Professor. Individuals with demonstrated

accomplishments in, but not limited to, the following areas are

encouraged to apply—neurobiology, immunology, development

biology, metabolic disease and cancer biology. Highly compe��ve

research support will be provided in an interac�ve and nurturing

environment. Individuals will have an opportunity to establish a

state-of-the-art independent research program in newly renovated

space and to interact with a strong group of a�liated scien�sts.

More informa�on can be found at h�p://www.nicemice.cn/.

Our ins�tute’s research interests emphasize on programs in the

studies on human diseases using model animal systems such as

mouse, zebra�sh, fruit �y, andXenopus.NowMARChasestablished

an excellent pla�orm for func�onal analysis of transgenic and

knockout mice, with AAALAC accredited SPF animal facility with

more than 50,000 mouse cages.

Interested individuals, regardless of their na�onali�es, should

submit a detailed le�er of interest, curriculum vitae, PDFs of three

of their best publica�ons, and three le�ers of recommenda�on

to: Xiang Gao Ph.D., Director of Model Animal Research Center,
NanjingUniversity, 12XuefuRoad,Nanjing, Jiangsu210061, China
(gaoxiang@nju.edu.cn or gaoxiang@nicemice.cn). The posi�ons
are available immediately. Applica�onswill be evaluated by faculty

search commi�ee upon receipt un�l the posi�ons are �lled.

Nanjing University

Model Animal Research Center

Located in the thriving, multicultural city of

Winnipeg, the University of Manitoba o�ers

students and faculty a vibrant learning community,

exceptional facilities and the chance to explore

ideas, challenge assumptions and turn theory

into reality. Our researchers are among the best

in the world, �nding new ways to protect the

environment, improve human health, advance

technology and strengthen communities in

Canada and beyond. With more than 30,000

students, faculty, and sta�, and over 90 degree

programs, the University of Manitoba plays a key

role in the social, cultural, and economicwell-being

of our community and ourworld.

Tenure-Track Faculty
Positions in Neuroscience
Faculty of Medicine

�e Faculty of Medicine, University of Manitoba and theWinnipeg Regional
Health Authority are developing a new priority initiative, the Neuroscience
Research Program. Four (4) tenure-track faculty positions are available
at the rank of Assistant or Associate Professor, commensurate with
qualifications and experience. Position # 10632, 10633, 10634, 10635. �e
candidates must have a PhD and/or MD with strong demonstrated expertise
in neuroscience research.

�e new recruits are expected to teach in, and to develop a rigorous and
independently-funded research program with an essential translational
component in neuroprotection/repair as it relates to such areas as
neurodegenerative disorders (including Alzheimer’s, depression,
schizophrenia, MS, etc.), stroke, or acute injury/trauma. Some examples
of research expertise are: neuropharmacology (including gene therapies),
neuroregeneration, and neuroimaging (including fMRI, PET, and CT). �e
successful candidates will be offered an academic appointment in a basic
science department, depending upon each candidate’s interests and specialty
area. All candidates are also expected to develop strong collaboration in
translational research with clinical departments.

�e Program will be housed in the new Kleysen Institute of Advanced
Medicine, which is part of the Health Sciences Centre complex. One
of the goals of the Institute is to foster opportunities for collaborative
research between basic and clinician scientists with a focus on human
neurological diseases. �e successful candidates will be provided with a
competitive start-up package and will have access to numerous state-of-
the-art facilities and expertise including gene targeting, high throughput
screening, RNAi Libraries, Proteomics, Genomics, cell sorting, and animal
modeling, imaging and behaviour systems. Learn more about our research at
http://www.umanitoba.ca/faculties/medicine/research.

Winnipeg has a strong health research focus. �e city has a rich cultural
environment, including symphony, opera, dance, theatre, professional
sports and ethnic festivals. �e region provides many opportunities
for outdoor recreation in all seasons. Learn more about Winnipeg at
http://www.city.winnipeg.mb.ca

�e University of Manitoba encourages applications from qualified women
and men, including members of visible minorities, Aboriginal peoples and
persons with disabilities. All qualified candidates are encouraged to apply;
however, Canadians and permanent residents will be given priority.

Candidates are to forward further enquiries or a letter of application
together with curriculum vitae, supportive information, a statement of
research interests and the names and contact information of three referees to:
Dr. Peter Nickerson, Associate Dean of Research, E-mail:
neurobio@cc.umanitoba.ca, Faculty of Medicine, University of
Manitoba, Room A108 Chown Bldg, 753 McDermot Ave., Winnipeg, MB
R3E 0T6,Tel: (204) 789-3375, Fax: (204) 789-3942

Selection process starts on April 1, 2011 and will remain open until filled.
Anticipated start date is September 1, 2011 or as soon thereafter as possible.

Applicationmaterials, including letters of reference, will be handled in accordance
with the “Freedom of Information and Protection of Privacy Act” (Manitoba). Please
note that curriculum vitaes may be provided to participating members of the
search process.

For more information on this opportunity, please visit
umanitoba.ca/employment

One university.

Many futures.
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Nontraditional Careers:
Opportunities Away From the Bench

Want to learnmore about exciting and rewarding careers
outside of academic/industrial research?View a roundtable
discussion that looks at the various career options open to
scientists across different sectors and strategies you can
use to pursue a nonresearch career.

Webinar Participating Experts:
Dr. Lori Conlan
Director of Postdoc Services,
Officeof IntramuralTrainingandEducation
National Institutes of Health

Pearl Freier
President
Cambridge BioPartners

Dr.MarionMüller
Director, DFGOffice North America
Deutsche Forschungsgemeinschaft
(German Research Foundation)

RichardWeibl
Director, Center for Careers in
Science andTechnology
American Association for the
Advancement of Science

Produced by the
Science/AAAS Business Office.

NowAvailable

OnDemand

www.sciencecareers.org/webinar
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Director of the

Microbiome Center

Mount Sinai School of Medicine is actively
recruiting an MD/PhD scientist to head a
newly createdMicrobiomeCenter. The ideal
candidate should demonstrate expertise in all
areas related to the microbiome, including
microbial pathogenesis and microbiome
genetics, and should have applied this knowl-
edge to the study of human diseases.

The position will be at the Associate or Full
Professor level, but exceptional candidates
at the Assistant Professor level will be
considered.

Pleasesendaletterdetailingresearchinterests,
a CV, and 3 letters of reference toMs. Zaida
Newman (zaida.newman@mssm.edu).

An expert is sought in the areas of Bioinformatics and Computational Biology to direct the Bioinformatics and
Systems Biology (BSB) Core Facility, Systems Biology Center, Division of Intramural Research (DIR),
National Heart, Lung and Blood Institute (NHLBI), NIH in Bethesda, Maryland USA. The successful
applicant will interact with DIR Principal Investigators and the wet-lab-based Core Facility Directors in
the design and interpretation of experiments involving 21st century large-scale biology techniques including
proteomics, genomics, and literature mining. He/she will oversee BSB Core Facility bioinformatics personnel
to provide high level data analysis services to Principal Investigators in the NHLBI DIR; will be expected
to foster interaction among individuals in the DIR focused on bioinformatics approaches; and will develop
novel computational approaches for the specialized data analysis problems related to a wide range of
Intramural projects. State-of-the-art IT infrastructure and support will be provided.

The BSB Core Facility is part of an NHLBI DIR Initiative in Systems Biology. Although the BSB Core
Facility is oriented toward providing service and conducting collaborative research, the Director will have the
opportunity to devote up to 20% of his/her time to undertake a research program in the area of integra-
tive computational biology. The overall mission of the DIR is to improve the health of allAmericans through
basic and clinical research, research training, and translation of discoveries to new tools to be applied directly
to the field of medicine.

We are seeking an experienced scientist (Ph.D. or equivalent) with significant experience in large-scale data
analysis, data mining, optimization techniques, algorithm design and development, and data visualization, as
evidenced by citable publications. Experience with protein mass spectrometry data is highly desirable.
Excellent interpersonal skills is a requirement. Salary will be commensurate with qualifications and expe-
rience. More detailed information about the NHLBI Division of Intramural Research may be found at:
dirweb.nhlbi.nih.gov.

Applicants should submit the following: cover letter highlighting key qualifications; current curriculum vitae
with complete bibliography; names and addresses of three references; a one-page summary of the applicant’s
philosophy of core facility operation; and a list of the three publications that best epitomize the relevant skills
of the applicant along with corresponding PDF copies of these publications.

Applications will begin to be reviewed on April 15, 2011, but the advertisement will remain open until the
position is filled. PDF versions of documents sent by electronic mail are strongly preferred. Materials should
be sent to Dr. Mark A. Knepper c/o: Katie McMahon, Administrative Officer, NHLBI, by email:
Katie.McMahon@nih.gov.

HHS and NIH are Equal Opportunity Employers

Bioinformatics and Systems Biology
Core Facility Director
Systems Biology Center

Division of Intramural Research
National Heart, Lung and Blood Institute (NHLBI)

National Institutes of Health (NIH)
Department of Health and Human Services (HHS)
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Careers in Industry and Academia

FACTS&FICTION

• Do industry and academic careers require different skill sets?

• Do industry jobs have better compensation? Less autonomy?

• Do academic scientists have less work/life balance?

Produced by the Science/AAAS Business Office.

ScienceCareers.org/webinar

For answers view our roundtable discussion for free at:

Trying to figure out the next step in your career? Join us for a roundtable

discussion that will look at facts and fiction surrounding academic and

industry career options for PhD-level scientists. Get some nuts and bolts

advice on how to research career options, what questions to ask, and

how to best prepare for various careers.

WEBINAR

Now available

on demand.



Your
career
is our
cause.

• Job Postings

• Job Alerts

• Resume/CV
Database

• Career Advice

• Career Forum

www.
sciencecareers.org

Get help

from the

experts.

NOAA Fisheries
Seeks Director,

Scientific Programs

TheNational Oceanic and
Atmospheric Administra-
tion, U.S. Department of

Commerce seeks a dynamic, innovative leader
for the Director, Scientific Programs and Chief
ScienceAdvisor for theNationalMarine Fisher-
ies Service. This is a Senior Executive Service
position located in Silver Spring, Maryland,
with a salary range of $119,554 to $179,700,
and is limited to U.S. citizens. The incumbent
serves as the principal spokesperson on sci-
entific and technology issues and guides and
directs the work of the agency’s six regional
science centers, the Headquarters Office of
Science and Technology and coordinates the
ecosystem science, research and technology
programs throughout the organization to
ensure the compatibility and effectiveness of
all NOAA’s marine ecosystem activities. The
research conducted is used to support fisheries
management; recovery of protected resources;
conservation and enhancement of habitat; inter-
national fisheries affairs; fishery development,
trade and industry assistance activities; and
the scientific and technical aspects of NOAA’s
marine fisheries resources programs. The
vacancy is now open through April 5, 2011, and
can be accessed via http://www.usajobs.gov/,
Announcement NOAA#11-05/NJH. Please
contact Rhea Donfour at 301-713-6306 if
you have any questions.

The U.S. Department of Commerce is an
Equal-Opportunity Employer.

ROBERT J. AND CLAIRE PASAROW FOUNDATION
24th Annual MEDICAL RESEARCH AWARDS

CALL FOR NOMINATIONS
Cancer, Cardiovascular Disease, Neuropsychiatry

The Foundation has established annual medical prizes for distinguished
accomplishment in three major areas of research in order to increase public
awareness of vital areas of investigation. This is the twenty-fourth year of
the awards program. Each area of research is allocated $50,000 for awarding
directly to individuals. The prizes are given for extraordinary basic and/or
clinical or translational research in cancer research, cardiovascular disease, and
neuropsychiatry.

Cancer: including basic cellular processes and the various forms of cancer. Past
awardees: Peter K.Vogt, PhD; Irving L.Weissman,MD; George F.VandeWoude,
PhD; Erkki Ruoslahti, MD; Harold N. Weintraub, MD, PhD; Ronald M. Evans,
PhD; Stanley J. Korsmeyer, MD; Carlo M. Croce, MD; Alfred G. Knudson, Jr.,
MD, PhD; RobertA.Weinberg,MD; Eric S. Lander, D.Phil.; Paul L.Modrich, PhD;
Anthony S. Fauci, MD; Alexander J. Varshavsky, PhD; Tom Maniatis, PhD; Roger
D. Kornberg, PhD; Elizabeth H. Blackburn, PhD; FredW.Alt, PhD; Bert O’Malley,
MD;TonyHunter, PhD;BertVogelstein,MD;Brian J. Druker,MD; InderM.Verma,
PhD; Angela H. Brodie, PhD; Lewis C. Cantley, PhD; and Joan A. Steitz, PhD

Cardiovascular Disease: including disorders of the heart and vascular system.
Past awardees: Burton E. Sobel, MD; Harvey Feigenbaum, MD; Bernardo
Nadal-Ginard, MD, PhD; Mordecai P. Blaustein, MD; Jonathan Seidman, PhD
and Christine Seidman, MD; Glenn A. Langer, MD; Philip Majerus, MD; Jan
L. Breslow, MD; Kenneth R. Chien, MD, PhD; Michael A. Gimbrone, Jr., MD;
MasashiYanagisawa,MD, PhD;MarkT.Keating,MD;EricN.Olson, PhD;Richard
P. Lifton, MD, PhD; Robert J. Lefkowitz, MD; Shaun Coughlin, MD, PhD; Judah
Folkman, MD; Barry S. Coller MD; Douglas C. Wallace, PhD; Daniel Steinberg,
MD, PhD; Richard O. Hynes, PhD; David Ginsburg, MD; Jeffrey M. Friedman,
MD, PhD; Andrew R. Marks, MD; and Gerald Reaven, MD

Neuropsychiatry: including neurologic and mental disorders. Past awardees:
Nancy Wexler, PhD; Eric R. Kandel, MD; Floyd E. Bloom, MD; Solomon H.
Snyder, MD; Michael E. Phelps, PhD; Patricia S. Goldman-Rakic, PhD; Huda
Akil, PhD and Stanley Watson, MD, PhD; Arvid Carlsson, MD, PhD and Philip
Seeman,MD, PhD; Stanley B. Prusiner,MD; JosephT. Coyle,MD; Eric J. Nestler,
MD, PhD; Fred H. Gage, PhD; Michael I. Posner, PhD and Marcus E. Raichle,
MD; Pasko Rakic, MD, PhD; Seymour Benzer, PhD; Tomas Hökfelt, MD, PhD;
Thomas M. Jessell, PhD; Judith L. Rapoport, MD; Bruce McEwen, PhD; Huda Y.
Zoghbi, MD;Aaron T. Beck,MD; Jean-Pierre Changeux, PhD; Robert C.Malenka,
MD, PhD; Roger Nicoll, MD; and Charles F. Stevens, MD, PhD

The criterion for the PasarowMedical ResearchAwards is evidence of extraordinary
accomplishment in medical science.

Nominators for the 24th Award should provide a letter of no more than one page
stating the rationale for the nomination and a copy of the nominee’s curriculum
vitae and bibliography in two-page NIH format.Applications will be reviewed by
the Board of Directors in consultation with various medical scholars. Members of
the Board of Directors areMichael R. Pasarow, Chairman;AnthonyH. Pasarow,
Co-Treasurer; Susan A. Pasarow, MSW, Co-Treasurer; Jack D. Barchas, MD,
President; Shaun Coughlin, MD, PhD – University of California, San Francisco;
Ronald M. Evans, PhD – The Salk Institute; Christopher J. Evans, PhD
– University of California, Los Angeles; Brian E. Henderson, MD – University
of Southern California, and Alexander J. Varshavsky, PhD – CalTech.

Please e-mail your nominations to Jack D. Barchas, MD at jbarchas@med.
cornell.edu. Questions can be addressed to Pamela Trester, Administrative
Manager, Office of the Chair of Psychiatry, Weill Cornell Medical College, at
pst2001@med.cornell.edu or 212-746-3709.

Nominations should be received by close of businessMonday, March 28, 2011.
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POSITIONS OPEN

FACULTY POSITIONS

The Department of Biomedical Sciences of Cooper
Medical School of Rowan University (CMSRU) in-
vites applications for basic scientist positions in the
following disciplines: Anatomy and Embryology,
Biochemistry, Cell Biology, Genetics, Microbiology/
Immunology, Pharmacology, Physiology, and Neu-
roscience. Applicants must have a Doctoral degree.
Positions are tenure track. Successful candidates will
be expected to spend the majority of their time edu-
cating medical students. CMSRU aspires to be a
leader in urban health and seeks to attract culturally
and academically diverse faculty of the highest caliber.
Applicants should be skilled in the scholarship of
teaching, integration of knowledge, and be able to
work with and advise students representing various
ethnic and cultural backgrounds. Qualified applicants
should submit a single electronic file that includes a
cover letter summarizing qualifications, curriculum
vitae, and the names of four references to Annette C.
Reboli,M.D., vice dean, CMSRU, by e-mail: reboli@
rowan.edu. Application deadline is May 1, 2011.

POSTDOCTORAL FELLOWSHIP
Cardiovascular Research and

Translational Science
Cardiovascular Medicine Division

Oregon Health & Science University
Portland, OR

The goal of our program is to train Ph.D. medical
scientists and M.D. physician-scientists in translational
science as it applies to cardiovascular medicine. The
NIH-sponsored training program provides laboratory
research training and mentoring that will establish the
basis for a successful career as an independent investi-
gator in an academic institution. Laboratory research
will be supplemented with course work and scientific
seminars. Unique aspects of the program include pro-
vision of individualized curriculum and career devel-
opment, and the team-approach to mentoring that
include both basic and clinical scientists. Our goal is to
produce scientists with a broad outlook and a focus on
bringing science to the benefit of patients.
For more information, please see the following

website: http://heart.ohsu.edu/apps/WebObjects/
cvWWW.woa/3/wo/TRM8ECW41mx4bBe5wpIR2g/
1.3.19.23.0.3. To apply, electronically send a cover
letter, curriculum vitae, statement of research expe-
rience and career goals and contact information for
three references to Dr. Kent Thornburg, Professor of
Cardiovascular Medicine. E-mail: heart@ohsu.edu;
must be received by March 30 for July 1 start date.

Oregon Health & Science University values a diverse and cul-
turally competent workforce. Individuals with diverse backgrounds
and those who promote a culture of diversity and inclusion are
encouraged to apply. We are proud to be an Equal Opportunity
Employer.

POSTECH
Pohang University of Science and Technology

The Department of Life Science at the Pohang Uni-
versity of Science and Technology announces a non-
tenure-track LECTURER position for the 2011–2020
academic years. The individual is expected to teach a
various levels of introductory biology, and contribute
to the graduate program in molecular and cellular bi-
ology. A Ph.D. is required, and previous teaching ex-
perience is preferred. Salary will be commensurate with
qualifications.
Applicant should submit curriculum vitae and state-

ment of teaching interests and three letters of recom-
mendation to be sent electronically to e-mail: misunyi@
postech.ac.kr (Ms. Misun YI, Department of Life
Science, POSTECH, San 31, Hyoja-dong, Namgu,
Pohang 790-784, Republic of Korea). The applica-
tion deadline is May 31, 2011.

POSITIONS OPEN

POSTDOCTORAL FELLOW
Organismal Biology

Research and Teaching

The Department of Biology at Villanova Uni-
versity invites applications for a postdoctoral fel-
lowship (50 percent teaching, 50 percent research)
physiology/organismal biology, starting August
2011. One-year position, renewable for up to
three years. Position is ideal for establishing cre-
dentials in balancing research and teaching, crit-
ical in many undergraduate tenure-track positions.
Teaching assignments includes a human anatomy
and physiology course and a second course in an
area of specialization. Specific research area is
open and several opportunities for collaboration
with faculty in the department exist (see website:
http://www.biology.villanova.edu). A Ph.D. is
required. Applicants must apply online atwebsite:
https://jobs.villanova.edu. The online applica-
tion should include a letter of application, cur-
riculum vitae, and statements of teaching and
research philosophy. Please mail undergraduate
and graduate transcripts and have three letters of
recommendation sent to: Postdoctoral Search
Committee, Department of Biology, Villanova
University, 800 Lancaster Avenue Villanova,
PA 19085-1699. Review of applications be-
gins March 21, 2011, and will continue until the
position is filled. Villanova is a Roman Catholic uni-
versity and an Affirmative Action/Equal Employment
Opportunity Employer. Villanova seeks a diverse faculty
committed to scholarship, service, and teaching.

FACULTY POSITIONS in
Vascular Biology

Physiology/Biochemistry

The University of South Alabama, College of Medi-
cine, seeks applications for positions at the rank of
ASSISTANT PROFESSOR or ASSOCIATE PRO-
FESSOR in the Program of Vascular Biology. These
faculty positions are in the Departments of Physiology
and Biochemistry/Molecular Biology in the College
of Medicine, and are tenure-earning or tenured posi-
tions. Research strengths in Vascular Biology include
signal transduction, vascular biology, lung biology, in-
flammation, diabetes, and metabolism. Investigators
having expertise in any of these areas or in similar areas
of basic medical sciences are encouraged to apply. The
University and the College of Medicine boasts a Cen-
ter for Lung Biology, a Vascular Biology Program and
the Mitchell Cancer Institute, as well as core facilities
for cellular imaging and mass spectrometry. The Grad-
uate Program in Basic Medical Sciences consists of over
40 students working toward the Doctorate degree, and
applicants will participate in medical and graduate
student teaching. The appointment rank and tenure
status will depend on the expertise and qualifications
of the applicants. Interested scientists should submit a
curriculum vitae and a letter stating research interests
and goals to:Dr. Thomas M. Lincoln, Search Com-
mittee, Department of Physiology, College of Medi-
cine, University of South Alabama, Medical Sciences
Bldg., Rm. 3074, Mobile, AL 36688. Applications
will be reviewed until the positions are filled. The Uni-
versity of South Alabama is an Equal Opportunity/Equal Access
Employer.

POSTDOCTORAL FELLOWPOSITION—
University of Alabama at Birmingham, USA,
to study molecular mechanisms in glomerular/
kidney disease (Nature Medicine 17:117-122,
2011; J. Biol. Chem. 281:39681-39692, 2006,).
Ph.D. in Cell and Molecular Biology required.
Experience in kidney disease is not necessary. Send
curriculum vitae to Sumant S. Chugh, MD, at
e-mail: chugh@uab.edu.

Find 
your future 

here.
↓

www.ScienceCareers.org

Help employers 
fi nd you. Post 

your resume/cv.

www.ScienceCareers.org

Get your questions answered.

Careers Forum

www.ScienceCareers.org

MARKETPLACE

Promab Biotechnologies Inc.

Custom Monoclonal
Antibody $4,200

>3,000 CLONES WILL BE SCREENED

1-866-339-0871

www.promab.com info@promab.com

8¢/u
Truncated
Taq DNA

Polymerase
Withstand 99oC

US Pat #5,436,149 e-mail: abpeps@msn.com
Call: Ab Peptides 1•800•383•3362

Fax: 314•968•8988 www.abpeps.com

Widely
Recognized

Original &
Guaranteed

KlenTaq1
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CELL SCIENCES INC � 480 NEPONSET STREET, BUILDING 12A, CANTON, MA 02021 � INFO@CELLSCIENCES.COM

TOLL FREE: (888) 769-1246 � TEL: (781) 828-0610 � FAX: (781) 828-0542 � WEB: WWW.CELLSCIENCES.COM
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cell sciences

®

cytokine center

®

LIST OF PROTEINS

4-1BBL

4-1BB Receptor

6 Ckine

ACAD8

ACAT2

gAcrp30/Adipolean

Activin A

ACY1

ADAT1

Adiponectin

ADRP

AITRL

Akt1

Alpha-Feto Protein (AFP)

Alpha-Galactosidase A

Angiopoietin-1 (Ang-1)

Angiopoietin-2 (Ang-2)

Angiostatin K1-3

Annexin-V

apo-SAA

Apoliprotein A-1

Apoliprotein E2

Apoliprotein E3

Apoliprotein E4

APRIL

Artemin

ATF2

Aurora A

Aurora B

BAFF

BAFF Receptor

BCA-1 / BLC / CXCL13

BCMA

BD-1

BD-2

BD-3

BDNF

Bivalirudin

BMP-2

BMP-4

BMP-7

BMP-13

sBMPR-1A

Brain Natriuretic Protein

BRAK

Breast Tumor Antigen

C5a

C5L2 Peptide

C-10

C-Reactive Protein

C-Src

Calbindin D-9K

Calbindin D-28K

Calbindin D-29K

Calmodulin

Calcitonin Acetate

Carbonic Anhydrase III

Carcino-embryonicAntigen

Cardiotrophin-1

Caspase-3

Caspase-6

CD4

CD14

CD22

CD40 Ligand / TRAP

CD95 / sFas Ligand

CD105 / Endoglin

CHIPS

CNTF

Collagen

CREB

CTACK/CCL27

CTGF

CTGFL/WISP-2

CTLA-4/Fc

CXCL16

Cytokeratin 8

DEP-1

Desmopressin

Disulfide Oxidoreductase

E-selectin

ECGF

EGF

Elafin/SKALP

EMAP-II

ENA-78

Endostatin

Enteropeptidase

Eotaxin

Eotaxin-2

Eotaxin-3 (TSC)

EPHB2

EPHB4

Eptifbatide

Erk-2

Erythropoietin (EPO)

Exodus-2

Fas Ligand

Fas Receptor

FGF-1 (acidic)

FGF-2 (basic)

FGF-4

FGF-5

FGF-6

FGF-7/ KGF

FGF-8

FGF-9

FGF-10

FGF-16

FGF-17

FGF-18

FGF-19

FGF-20

sFGFR-1 (IIIc) / Fc Chimera

sFGFR-2 (IIIc) / Fc Chimera

sFGFR-3 / Fc Chimera

sFGFR-4 / Fc Chimera

sFlt-1 (native)

sFlt-1 (D3)

sFlt-1 (D4)

sFlt-1 (D5)

sFlt-1 (D7)

Flt3-Ligand

sFlt-4

sFlt-4/ Fc Chimera

Follistatin

FSH

Fractalkine/ CX3C

G-CSF

α-Galactosidase A

Galectin-1

Galectin-3

Gastrointestinal CA

GCP-2

GDF-3

GDF-9

GDF-11

GDNF

GLP-1

Glucagon

Goserelin

GM-CSF

GPBB

GROα

GROβ

GROγ

GRO/MGSA

Growth Hormone

Growth Hormone BP

GST-p21/WAF-1

HB-EGF

HCC-1

HGF

Histdyl-tRNA synthetase

Histrelin

HRG1-β1

I-309

I-TAC

IFN-α

IFN-α A

IFN-α 2a

IFN-α 2b

IFN-β

IFN-γ

IFN-Omega

IGF-I

IGF-II

proIGF-II

IGFBP-1

IGFBP-2

IGFBP-3

IGFBP-4

IGFBP-4

IGFBP-5

IGFBP-6

IGFBP-7

IL-1α

IL-1β

Browse our web site of recombinant
proteins, including cytokines, growth
factors, chemokines and neurotrophins.
Daily shipping and competitive pricing are
offered. Bulk quantities of many proteins
available. Cell Sciences also carries

corresponding antibodies and ELISA kits.

IL-2

IL-3

IL-4

sIL-4 Receptor

IL-5

IL-6

sIL-6 Receptor

IL-7

IL-8 (72 a.a.)

IL-8 (77 a.a.)

IL-9

IL-10

IL-11

IL-12

IL-13

IL-13 analog

IL-15

IL-16 (121 a.a.)

IL-16 (130 a.a.)

IL-17

IL-17B

IL-17D

IL-17E

IL-17F

IL-19

IL-20

IL-22

IL-31

Insulin

IP-10

JE

JNK2a1

JNK2a2

KC / CXCL1

KGF

L-asparaginase

LAG-1

LALF Peptide

LAR-PTP

LC-1

LBP

LD-78β

LDH

LEC/NCC-4

Leptin

LIGHT

LIX

LKM

LL-37

Lymphotactin

sLYVE-1

M-CSF

MCP-1 (MCAF)

MCP-2

MCP-3

MCP-4

MCP-5

MDC (67 a.a.)

MDC (69 a.a.)

MDH

MEC

Mek-1

MIA

Midkine

MIG / CXCL9

MIP-1α / CCL3

MIP-1β / CCL4

MIP-3 / CCL23

MIP-3α / CCL20

MIP-3β / CCL19

MIP-4 (PARC) / CCL18

MIP-5 / CCL15

MMP-3

MMP-7

MMP-13

Myostatin

Nanog

NAP-2

Neurturin

NFAT-1

beta-NGF

NOGGIN

NOV

NP-1

NT-1/BCSF-3

NT-3

NT-4

Ocreotide

Oncostatin M

Osteoprotegerin (OPG)

OTOR

Oxytocin

p38-α

Parathyroid Hormone

PDGF-AA

PDGF-AB

PDGF-BB

Persephin

PF-4

PIGF-1

PIGF-2

PKA α-subunit

PKC-α

PKC-γ

Pleiotrophin

PLGF-1

Polymyxin B (PMB)

PRAS40

PRL-1

PRL-2

PRL-3

Prokineticin-2

Prolactin

Protirelin

PTHrP

PTP1B

PTP-IA2

PTP-MEG2

PTP-PEST

sRANK

sRANKL

RANTES

RELM-α

RELM-β

Resistin

RPTPβ

RPTPγ

RPTPμ

SCF

SCGF-α

SCGF-β

SDF-1α

SDF-1β

Secretin

SF20

SHP-2

STAT1

c-Src

TACI

TARC

TC-PTP

TECK

TFF2

TGF-α

TGF-β1

TGF-β2

TGF-β3

Thymosin α1

sTIE-1/Fc Chimera

sTIE-2/Fc Chimera

TL-1A

TNF-α

TNF-β

sTNFR1

sTNFR2

TPO

TRAIL/Apo2L

sTRAIL R-1 (DR4)

sTRAIL R-2 (DR5)

TSH

TSLP

TWEAK

TWEAK Receptor

Urokinase

VEGF121

VEGF145

VEGF165

VEGF-C

VEGF-C I525

EG-VEGF

VEGF-E

HB-VEGF-E

sVEGFR-1

sVEGFR-2

sVEGFR-3

WISP-1

WISP-2

WISP-3

WNT-1



Proteins

Antibodies

ELISAs

Assay Services

MultiAnalyte Pro�ling

Activity Assays

Stem Cells

ELISpot Kits

Flow Cytometry

Cell Selection

 α1-Acid Glycoprotein

 Angiopoietin-like 3

 Cathepsin V

 Clusterin

 Dkk-1

 EGF R/ErbB1

 EG-VEGF/PK1

 Fetuin A

 FGF-21

 Galectin-3

 Gas 6

 GDF-15

 IL-17A/F Heterodimer

 IL-19

 Lipocalin-2/NGAL

 MBL

 Proprotein Convertase 9/PCSK9

 Periostin/OSF-2

 Progranulin

 ST2/IL-1 R4

 Thrombomodulin/CD141

 Tie-1

 TIM-1/KIM-1

NEW Quantikine ELISA Kits

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.

For more information visit our website at www.RnDSystems.com/go/ELISA

A direct measure of product quality is the frequency of citations in the scienti�c literature. R&D Systems has more

than 20 years of experience designing, testing, and optimizing themost cited ELISA kits in the world. Find out why

scientists trust R&D Systems ELISAs more than any other brand.

The Most Referenced Immunoassays

1.4%

1.6%

2.1%

2.5%

3.7%

7.9%

17.3%

41.8%

R&D Systems

R&D Systems is the Most Referenced ELISA Manufacturer

R&D Systems Quantikine® ELISAs

Approximately 42% of Referenced Immunoassays are Developed and Manufactured by

R&D Systems. A survey of 860 manuscripts from 44 journals was conducted to compare the

number of citations specifying the use of R&D Systems ELISAs to the number citing ELISAs from

other commercial sources. A total of 433 ELISA citations referencing immunoassays from 66

di�erent vendors were identi�ed in the survey.

R&D Systems Tools for Cell Biology Research™



GE Healthcare
Life Sciences

The new IN Cell Analyzer 2000 makes previously challenging cell analysis a thing

of the past by offering significant throughput gains compared to typical lamp based

imaging systems, while still delivering enabling features for your research assays.

From organelles to cells, to tissues and whole organisms – from fixed end-point assays

to extended live cell studies – from manual microscopy to automated high-content

screening, IN Cell Analyzer 2000 offers you the performance you need for all your

screening and research – making your cell analysis faster and easier.

At GE Healthcare Life Sciences, our focus is on helping scientists achieve even more,

faster. It’s a commitment we have in our genes. And all this is backed by the service,

support, and investment for the future that being part of GE can bring.

Cell analysis just got easier. Find out more. Visit www.gelifesciences.com/incell

I ÄKTA I Amersham I Biacore I IN Cell Analysis I Whatman I GE Service I

ÄKTA, Amersham, Biacore and Whatman are
trademarks of GE Healthcare companies.
© 2009 General Electric Company – All rights reserved.
First published May 2009
GE Healthcare Bio-Sciences AB,
Björkgatan 30, 751 84 Uppsala, Sweden

GE09-09

INtroducing the new IN Cell Analyzer 2000

Cell analysis
just got easier



™

Your responsive CRO partner,

delivering customized solutions and

adaptability to changing needs.

Preclinical research customized for you.

MPI Research is the CRO that defines responsiveness, moving your drug development program

forward with customized solutions for all your preclinical research. From discovery services to

safety evaluation, including analytical and bioanalytical support, you can count onMPI Research

for quick quotes, frequent updates, rapid turnaround, and scientific rigor. At every stage, and on

every level, we adapt to your most exacting needs.

Explore the breadth of capabilities that make us your responsive CRO at www.MPIResearch.com.



Imagine if Otto Warburg

had a Seahorse XF

Extracellular Flux

Analyzer...

Finally, a real-time, kinetic measurement of the Warburg Effect, glucose &

glutamine addictions, and fatty acid oxidation of cancer cells in a microplate.

Measuring cancer metabolism is so easy now!

Seahorse’s award winning XF Extracellular

Flux Analyzers provide an easy way to:

• Evaluate the role of oncogenes and tumor suppressor

genes in energy metabolism and tumorigenesis

• Detect HIF-1 and drug mediated effects on mitochondrial

respiration and glycolysis

• Determine which energy substrates are preferentially used

by tumor cells

• Measure the dynamic contributions of OXPHOS & aerobic

glycolysis

• Validate genes that target tumor metabolism

www.seahorsebio.com/science • 978 671 1600 • info@seahorsebio.com

16 Esquire Road, North Billerica, MA 01862

Webinars

On-Demand

See our Cancer

Related Webinars at

seahorsebio.com/

science



bioengineering

Biotransporters.
Boost your PK/PD studies

to new levels. Introducing

the ADME Knockout Rat

collection from SAGE™Labs.

Explore our collection of knockout rat models at

wherebiobegins.com/bioengineering

SAGE is a trademark of Sigma-Aldrich Co. and its a�liate Sigma-Aldrich Biotechnology, LP.
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Learn how current events
are impacting your work.

ScienceInsider, the new policy blog from the journal
Science, is your source for breaking news and instant
analysis from the nexus of politics and science.

Producedbyan international teamofscience journalists,
ScienceInsider offers hard-hitting coverage on a rangeof
issues including climate change, bioterrorism, research
funding, andmore.

Before research happens at the bench, science policy is
formulated in the halls of government. Make sure you
understandhowcurrent eventsare impactingyourwork.
Read ScienceInsider today.

Breaking news and analysis from

the world of science policy

www.ScienceInsider.org

GrantsNet.
The first comprehensive
science grants database.

GrantsNet is expanding its listings of

some 900 funding programs fromprivate

foundations and not-for-profit organizations

to include 400 to 500 new entries from the

grants.gov site. This provides the first

comprehensive database of funding

opportunities to research scientists and

administrators, career counselors, financial

aid specialists, and undergraduate and

graduate students. For listings, go to

www.grantsnet.org

1,000s
OFGRANTS

MILLIONS
IN FUNDING

P-1000

Next
Generation

Micropipette
Puller

The next generation in micropipette pulling
is here NOW!

FEATURES

� Color touch-screen interface

� Safe heat mode to protect and extend filament life

� Pipette Cookbook program directory

� Line repeat mode simplifies programming

� Glossary with micropipette and puller terminology

� Copy & Paste function for writing new programs

� Two symmetrical pipettes with each pull

� Memory storage for up to 100 programs

PHONE: 415.883.0128 | FAX: 415.883.0572

EMAIL: INFO@SUTTER.COM | WWW.SUTTER.COM

NEW
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Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 

featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 

materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier.

Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information.

LIFE SCIENCE TECHNOLOGIES

NEW PRODUCTS

 AAAS/Science Business Office Feature LIFE SCIENCE TECHNOLOGIES

NEW PRODUCTS

 AAAS/Science Business Office Feature

SNAP-FREEZE TISSUE CLAMP
The BioSqueezer is used to quickly freeze animal and human tissue sam-

ples. Tissue can be compressed into a thin disc under the metal clamp 

head that is pre-cooled in liquid nitrogen or dry ice. The tissue freezes in 

less than one second, thus capturing a snapshot of the metabolic events 

in the cells. The hard frozen disc is easily fragmented or ground without 

thawing for subsequent extraction of labile nucleic acids, proteins, and in-

tracellular metabolite products.

BioSpec Products

For info: 800-617-3363      www.biospec.com

LABORATORY CHILLERS
The new Polar Series thermostatic laboratory chillers, the Accel 250 

and Accel 500, have a temperature range from -10°C to 80°C, allow-

ing users to select the optimal temperature set-point for each appli-

cation. Thermostatic technology enables fast temperature ramping, 

and this delivers immediate heating and cooling for an extremely 

effi cient workfl ow. Furthermore, the energy-saving mode in the se-

ries makes it an environmentally friendly option for any laboratory 

requiring precise temperature control. The Polar Series is ideal for an 

expansive range of applications, including chemical reaction control, 

separations, spectroscopy, and surface science.These easy-to-use 

laboratory chillers are programmable via an intuitive user interface, 

making it simple to set required temperature parameters. A compact 

footprint and minimal noise allow for convenient placement within 

labs, increasing laboratory effi ciency. This range of CE- and CSA-

compliant chillers has an intuitive plug-and-play design, eliminating 

any lengthy installation processes.

Thermo Fisher Scientifi c 

For info: 800-258-0830      www.thermoscientifi c.com/tc

CELL SIGNALING ASSAYS
DetectX Chemiluminescent assays allow detection of important 

cell signaling molecules, Cyclic AMP (cAMP), Cyclic GMP (cGMP), 

and Prostaglandin E
2
. The DetectX Chemiluminescent Prostaglandin 

E
2
 kits, K018-C1 and K018-C5, quantitatively measure less than 

0.5 femtogram of PGE
2
 per sample, with an assay range from 

320 pg/mL to 0.5 pg/mL, in cells, tissue, saliva, and plasma by 

using the stable liquid assay components supplied in the kits. The 

DetectX Chemiluminescent Direct cAMP kits, K019-C1 and K019-C5, 

quantitatively measures about four times lower levels of cAMP than 

other assays—less than 1 femtomole of cAMP per sample—with 

an assay range from 15 pmol/mL to 0.039 pmol/mL. The DetectX 

Chemiluminescent Direct Cyclic GMP kits, K020-C1 and K020-C5, 

quantitatively measures less than 1 femtomole of cGMP per sample 

in cells by simply adding the supplied diluent and transferring to the 

assay components supplied in the kit, with an assay range from 3 

pmol/mL to 0.031 pmol/mL.  

Arbor Assays

For info: 734-677-1774      www.arborassays.com

STAIN-FREE PRECAST GELS
With the recently launched Criterion Tris-Glycine eXtended (TGX) 

Stain-Free precast gels, researchers can achieve protein separation, 

gel imaging, and data analysis in 25 minutes—without the need for 

staining. Current protein electrophoresis staining and destaining pro-

tocols can take up to three hours to complete: handcast and precast 

gels can take 45–60 minutes to run and traditional Coomassie stain-

ing can add another two hours of work before analysis. In addition 

to its speed, Criterion TGX Stain-Free precast gels outperformed the 

Coomassie staining system in terms of sensitivity, reproducibility, 

and performance. Unlike other precast gels, which require expen-

sive specialized buffer systems and stains, the gels use the standard 

Laemmli buffer system and do not require staining, which keeps 

running costs low. Criterion TGX Stain-Free gels are available in 4 

to 15 percent and 4 to 20 percent as well as a unique formulation, 

Any kD, that allow the resolution of proteins across a wide range of 

molecular weights (10–250 kD). 

Bio-Rad Laboratories

For info: 800-424-6723      www.myelectrophoresis.com

MULTIDRUG RESISTANT BACTERIA
The Klebsiella pneumoniae Superbug (NDM-1) is now available 

through ATCC.  Antibiotic-resistant, gram-negative bacteria includ-

ing Klebsiella, Acinetobacter, Pseudomonas, and Escherichia coli 

isolates continue to emerge with increasing levels of drug-resis-

tance due to horizontal transfer of known and novel resistance 

mechanisms, such as NDM-1. Isolates with NDM-1 have recently 

spread from India to Europe, to the United States, and to Japan. The 

newly available multidrug resistant, human clinical isolate Klebsiella 

pneumonia is positive for New Delhi metallo-�-lactamase (NDM-

1). The NDM-1 enzyme can inactivate all classes of �-lactams and 

all carbapenems, except for aztreonam, and this gene can easily 

transfer between bacterial species. The culture’s genomic DNA is 

also available. The Klebsiella pneumoniae strain has the blaNDM-1 

gene (confi rmed by polymerase chain reaction [PCR] and nucleo-

tide sequencing), and is negative for the blaKPC gene (confi rmed 

by PCR).

ATCC

For info: 800-638-6597      www.atcc.org



www.keystonesymposia.org • 1.800.253.0685 • 1.970.262.1230

TOP-QUALITY LIFE SCIENCE RESEARCH
CONFERENCES • PRICELESS INTERACTION

Metabolic Responses to Extreme Conditions
Scientific Organizers: John R. Speakman, Jan Nedergaard and Sandra L. Martin
April 1–5, 2011 • Big Sky Resort • Big Sky, Montana • USA
www.keystonesymposia.org/11D4

Immunoregulatory Networks
Scientific Organizers: Dario A.A. Vignali, Steven F. Ziegler and Hilde Cheroutre
April 1–6, 2011 • Beaver Run Resort • Breckenridge, Colorado • USA
www.keystonesymposia.org/11D5

Drugs from Bugs: The Anti-Inflammatory Drugs of Tomorrow
Scientific Organizers: Padraic G. Fallon, Grant McFadden and Amanda E.I. Proudfoot Fichard

joint with: Evolving Approaches to Early-Stage Drug Discovery
Scientific Organizers: Craig W. Lindsley and Linda Brady
April 3–7, 2011 • Snowbird Resort • Snowbird, Utah • USA
www.keystonesymposia.org/11Z1 and www.keystonesymposia.org/11Z2

B Cells: New Insights into Normal versus Dysregulated Function
Scientific Organizers: David J. Rawlings, Frances E. Lund, Stuart G. Tangye and John G. Monroe
April 12–17, 2011 • Fairmont Chateau Whistler • Whistler, British Columbia • Canada
www.keystonesymposia.org/11D6

Omics Meets Cell Biology
Scientific Organizers: Anne-Claude Gavin and Charlie M. Boone
May 8–13, 2011 • Alpbach Congress Centrum • Alpbach • Austria
www.keystonesymposia.org/11E1

Lipid Biology and Lipotoxicity
Scientific Organizers: Scott A. Summers and Rudolf Zechner
May 15–20, 2011 • Ireland’s National Events & Conference Centre • Killarney • Ireland
www.keystonesymposia.org/11E2

Pathogenesis of Influenza: Virus-Host Interactions
Scientific Organizers: Siamon Gordon, Malik Peiris and Kanta Subbarao
May 23–28, 2011 • Sheraton Hong Kong Hotel & Towers • Hong Kong • China
www.keystonesymposia.org/11E3

Changing Landscape of the Cancer Genome
Scientific Organizers: Lynda Chin, Christoph Lengauer and Michael Stratton
June 20–25, 2011 • Boston Park Plaza & Towers • Boston, Massachusetts • USA
www.keystonesymposia.org/11F3
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For additional information and a complete list

of available XP™ Monoclonal Antibodies visit…

XP
™

Monoclonal Antibodies,
eXceptional Performance™

Above: Confocal IF analysis of rat cerebellum using β3-Tubulin (D71G9) XP™ Rabbit mAb

#5568 (green) and Neurofilament-L (DA2) Mouse mAb #2835 (red). Blue pseudocolor =

DRAQ5® #4084 (fluorescent DNA dye).

XP™ monoclonal antibodies are a line of high quality

rabbit monoclonal antibodies exclusively available

from Cell Signaling Technology. Any product labeled

with XP has been carefully selected based on superior

performance in all approved applications.

XP monoclonal antibodies are generated using XMT™

Technology, a proprietary monoclonal method developed

at Cell Signaling Technology. This technology provides

access to a broad range of antibody-producing B cells

unattainable with traditional monoclonal technologies,

allowing more comprehensive screening and the

identification of XP monoclonal antibodies.

eXceptional specificity
As with all of our antibodies, the antibody is specific to your target of

interest, saving you valuable time and resources.

+eXceptional sensitivity
The antibody will provide a stronger signal for your target protein in

cells and tissues, allowing you to monitor expression of low levels of

endogenous proteins, saving you valuable materials.

+eXceptional stability and reproducibility
XMT Technology combined with our stringent quality control ensures

maximum lot-to-lot consistency and the most reproducible results.

=eXceptional Performance™

XMT Technology coupled with our extensive antibody validation and

stringent quality control delivers XP monoclonal antibodies with

eXceptional Performance in the widest range of applications.

Unparalleled product quality, validation, and technical support.

Antibodies and Related Reagents for Signal Transduction Research

Orders (toll-free) 1-877-616-2355 | Technical support (toll-free) 1-877-678-8324 support@cellsignal.com | Inquiries info@cellsignal.com | Environmental Commitment eco.cellsignal.com

www.cellsignal.com
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