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Composite confocal image of an adult planarian (Schmidtea 

mediterranea) showing a growing colony of dividing cells (red) 
that initiated from a single, pluripotent stem cell called a clonogenic 
neoblast (cNeoblast). The ~1-millimeter-long animal is visualized 
with differential interference contrast microscopy and nuclear staining 
(blue). The colony is just posterior to the animal brain (nuclei-rich, 
bi-lobed structure) and eyes (two dark pigmented areas). See page 811.

Credit: Daniel E. Wagner, Irving E. Wang, Peter W. Reddien/Department 

of Biology, Massachusetts Institute of Technology, Whitehead Institute 

for Biomedical Research
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Continued on page 765

Heads or Tails?
Planarian fl atworms are famous for their ability 
to regenerate any missing body part (see the 
Perspective by Slack). Petersen and Reddien 
(p. 852) studied the mechanism by which 
planaria know what body part to regenerate, 
whether head or tail. The secreted Wnt inhibitor 
notum was selectively activated at anterior-
facing wounds to throw a regeneration polarity 
switch. When notum was inhibited using RNA 
interference, a two-tailed planarian was pro-
duced. Thus, local responses to tissue orienta-
tion at wounds can determine the regeneration 
outcome. Wagner et al. (p. 811; see the cover) 
examined whether regeneration is made pos-
sible by neoblasts (adult proliferative cells) that 
are pluripotent or whether multiple, lineage-
restricted cells are needed. Pluripotent clono-
genic neoblasts were able to regenerate lethally 
irradiated animals otherwise lacking dividing 
cells, ultimately transforming host animals into 
genetic clones of the donor. Thus, the remark-
able regenerative abilities of planarians require 
persistence of pluripotent cells into adulthood.

Partners by Design
Proteins such as antibodies that bind with high 
affi nity to targets are valuable in diagnos-
tics and therapeutics. Computational design 
could complement high-throughput screening 
methods; however, designing high-affi nity 
interaction partners to chosen targets remains 
a challenge. Fleishman et al. (p. 816; see the 
Perspective by Der and Kuhlman) engineered 
proteins that target a conserved region on the 
infl uenza hemagglutinin (HA) protein from 
the 1918 H1N1 virus, using a computational 
method aimed to design high shape comple-
mentarity and core residue interactions. Two 
designed proteins exhibited low-nanomolar 

affi nity binding to HA after affi nity maturation 
and the actual binding interface was confi rmed 
by structural analysis to be nearly identical to 
the designed model.

Nanoimaging Nanocrystals
Analysis of the three-dimensional grain structure 
in a nanocrystalline metal usually requires 
destruction of the specimen through repeated 
removal of the surface layers, or through slicing 
into multiple specimens. While x-ray techniques 
can be used nondestructively, the resolution is 
limited to features larger than 100 nanometers 
in size. Liu et al. (p. 833) acquired a series of 
dark-fi eld electron microscopy images over all 
beam and sample tilt positions, and determined 
the grain orientation in each voxel. Analysis 
of over 100,000 images provided a resolution 
down to 1 nanometer in a specimen of nano-
crystalline aluminum.

He Not So Super After All
Lowering the temperature of a rotating ring 
of frozen helium to temperatures below 250 
millikelvin gives rise to an increase of the 
rotational frequency. One interpretation of the 
effect was the formation of an exotic supersolid 
quantum phase, whereby the atoms within the 
frozen sample decouple and “fl ow” akin to that 
seen for a normal to superfl uid transition. Since 
the initial report, however, the interpretation 
has been controversial. Pratt et al. (p. 821) 
revisited the effect using an ultrasensitive 
torsional oscillator to comprehensively map out 
the temperature and mechanical dependence of 
the frozen helium’s behavior. The results favor 
a scenario involving the shearing of the frozen 
helium at impurity and defect sites and did 
not reveal a phase transition associated with a 
quantum supersolid. 

Enhancing Capacitance
Typically, the capacitance of a fl at interface is 
limited by geometrical properties, but electron 
correlation effects can allow more electrons to 
be confi ned. These enhancements are often on 
the order of a few percent, but Li et al. (p. 825) 
observed enhancements of up to 40% at the 
interface between LaAlO3 and SrTiO3 that arise 
from a “negative compressibility” effect. These 
enhancements, which occur at low electron 
densities when top-gate electrodes deplete 
most of the electrons from the interface, could 
prove useful in increasing the speed and power 
consumption of fi eld-effect transistors. 

Rapid Heating
Metallic glasses need 
very high cooling 
rates to prevent 
crystallization. If one 
wants to process a 
supercooled metallic 
glass, even faster 
heating rates are 
needed. Johnson 

et al. (p. 828) used 
the discharge of a 
critically damped capacitor to induce an intense 
millisecond current pulse to achieve uniform, 
quantifi able, Ohmic heating, which could be 
used to measure the temperature-dependent 
enthalpy of the metallic systems. 

Martian CO2 Store
Mars’ CO2-dominated atmosphere is believed 
to have been denser in the ancient past. Using 
radar measurements from the Mars Recon-
naissance Orbiter, Phillips et al. (p. 838, 

Neandertal Refugees?  >> 
Paleohuman populations occupied high latitudes in Eurasia after about 50,000 years ago, even as Earth’s climate 
seesawed toward a full glaciation. These sites, in part, represent the expansion of modern humans, which led to the 
contraction and elimination of Neandertals. Slimak et al. (p. 841) now describe a site in the Northern Urals that is 
dated to about 33,000 years ago but that contains an older, Middle Paleolithic set of tools. This tool set is typical of those 
associated with Neandertals at older European sites, but the site lacks human fossils and so the exact makers are uncertain. 
The site may thus represent a northern refuge of a Middle Paleolithic population, possibly Neandertals.
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published online 21 April; see the Perspective by Thomas) found that large quantities of the ancient 
atmospheric CO2 could be stored in solid deposits within the Mars South Polar region. If released 
completely into the atmosphere, which might occur during a period of high obliquity, these deposits 
would almost double the atmospheric CO2 content of Mars and could instigate major changes in the 
red planet’s climate. 

Light-Harvesting Benchmarks
Plants and a variety of autotrophic microbes use the energy in sunlight to oxidize water, ultimately 
channeling the electrons into carbon dioxide reduction to form sugars and more complex organic com-
pounds. Artifi cial solar cells, or photovoltaics, also harvest the energy in sunlight to liberate electrons, 
but, rather than driving chemical transformations, these electrons often simply loop around a circuit 
before returning to their starting place. Blankenship et al. (p. 805) review the fundamental effi ciency 
of photovoltaic-driven water splitting in an effort to make as clear a comparison as possible with the fun-
damental parameters of natural photosynthesis and assess the prospects for improving the effi ciencies of 
each process, an endeavor crucial to ensuring a sustainable societal energy supply in the long term.

Consciousness and Feedback
The vegetative state is defi ned by preserved arousal, in the absence of any behavioral signs of aware-
ness. Earlier investigations of patients and healthy volunteers suggested that, in addition to activity 
in low-level specialized brain regions, the conscious perception of external stimuli requires activation 
of fronto-parietal cortices. Boly et al. (p. 858) compared dynamic causal modeling of event-related 

potentials during auditory processing 
in healthy subjects and in patients in a 
minimally conscious state or a vegetative 
state. Although the frontal cortex was still 

involved in the generation of event-related potentials in the patients, recurrent processing between 
higher-order cortices was highly abnormal because of impaired backward connections from frontal to 
temporal cortices. Thus, the integrity of backward connections is required for conscious perception.

Mother’s Curse
Because mitochondria, which contain their own genome, are primarily inherited from the mother, 
males are an evolutionary dead end for mitochondria. Innocenti et al. (p. 845; see the Perspective 
by Parsch) compared the genomic transcripts of male and female fruit fl y with varying mitochondrial 
types but the same nuclear background. In females, exchanging mitochondrial genomes altered the 
expression of only a handful of nuclear genes; in contrast, in males, more than a thousand genes 
showed a signifi cant change in expression and more than 10% of transcripts exhibited male-biased 
expression. Because changes in gene expression are generally deleterious, males will exhibit a much 
greater mutational load than females.

Mosquito Malaria Defenses
Despite the challenges of a complex life cycle, the malaria parasite is terrifyingly successful. Most par-
asites picked up by the blood-feeding insects fail to develop into transmission stages in the salivary 
glands because of both mosquito-immune responses and the effects of midgut microfl ora. Cirimotich 

et al. (p. 855) isolated bacteria from wild-caught Zambian Anopheles arabiensis and monitored 
their effect on Plasmodium oocyst development in several anopheline species. One enterobacter-like 
isolate, called Esp _Z, was able to almost eliminate the malaria parasite in vitro via the production of 
reactive oxygen species. 

Active Learning
Teaching large groups of undergraduate students often involves lectures. Deslauriers et al. (p. 862) 
found that more active teaching formats improved student attention, engagement, and learning. Two 
sections of a large physics class, one taught by lecture, and one taught with active formats were com-
pared. Students offered clicker response questions, small group tasks, and opportunities for student 
discussion within the class demonstrated better learning outcomes.
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    The Birth of the Operon   
WHAT IS THE OPERON, WHOSE 50TH ANNIVERSARY IS BEING CELEBRATED THIS WEEK? THE WORD

heralded the discovery of how genes are turned on and off, and it launched the now-immense 

fi eld of gene regulation. The idea was born in André Lwoff ’s laboratory at the Institut 

Pasteur. At one end of a long corridor in the loft of a building devoted to research on bac-

teria were Lwoff, Elie Wollman, and myself. At the other end were Jacques Monod and his 

group. Lwoff studied lysogenic Eschericia coli bacteria capable of producing bacteriophage 

without infection. Monod was analyzing the properties of the β-galactosidase enzyme in 

the same bacterium: an enzyme required for the metabolism of lactose that was produced 

only when the culture medium contained galactosides. To all and sundry the two systems 

appeared mechanistically miles apart. But their juxtaposition would 

produce a critical breakthrough for our understanding of life, dem-

onstrating that we cannot presume to know how new ideas will arise 

and where scientifi c research will lead. 

Toward the end of the 1940s, after 2 years of hospital care for my 

wounds from the war and a rather slapdash end to my medical studies, 

I wandered aimlessly in Paris. Unable to realize my dream of becom-

ing a surgeon, I was persuaded by a cousin to launch out into the 

newly hatching science of biology, and I decided to join a laboratory. 

After several unsuccessful attempts, no doubt due to my notorious 

incompetence, I was kindly received by Professor Tréfouel, the direc-

tor of the Institut Pasteur. He quizzed me on my wartime escapades; 

explained the importance of sulphamides, of which he was one of 

the fathers; described the wartime horrors at the Institut; and fi nally 

offered me a research bursary. 

I spent the fi rst year taking the “Grand Cours,” learning bacteriology, immunology, and 

virology, and then sought a lab in which to use my newfound talents. There were two excep-

tional labs in Paris: that of Boris Ephrussi and that of André Lwoff. After several fruitless 

visits, I returned to see Lwoff again. His eyes seemed bluer, the turn of his head more digni-

fi ed, and his manner warmer. Without giving me time to either display ignorance or express 

my wishes, he said “We’ve just discovered how to induce the prophage.” I didn’t know what 

a prophage was, let alone what it meant to induce it. Nevertheless, I retorted immediately 

“That’s exactly what I’d like to work on.” And Lwoff agreed. 

Much later came a day in 1958 when, my mind wandering on a lazy July evening, I sensed 

in a fl ash that there were important analogies between the systems studied at the two ends of 

our corridor: In both cases, the expression of a cluster of structural genes directed the syn-

thesis of several proteins, and this expression was modulated by a “repressor” encoded by an 

adjacent regulatory gene. Monod and I baptized this structural gene–regulatory gene ensem-

ble an “operon” (from “to operate”), and we quickly recognized that the operon-repressor 

system could be combined ad infi nitum to produce circuits of increasing complexity, adapt-

ing to the demands of the cell. Thus did we discover a “mechanism fundamental to all living 

beings from their very beginnings, and that would persist as long as they exist . . . More than 

ever, research seemed to be identifi ed with human nature . . . It was by far the best means 

found by man to face the chaos of the universe.”*

Our breakthrough was the result of “night science”: a stumbling, wandering exploration 

of the natural world that relies on intuition as much as it does on the cold, orderly logic of 

“day science.”** In today’s vastly expanded scientifi c enterprise, obsessed with impact fac-

tors and competition, we will need much more night science to unveil the many mysteries 

that remain about the workings of organisms.  

10.1126/science.1207943

– François Jacob  
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*F. Jacob, J. Monod, J. Mol. Biol. 3, 318 (1961).   **F. Jacob, The Statue Within: An Autobiography (Unwin Hyman, London, 
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B I O M E D I C I N E

Multitasking Drugs

The escalating cost of developing new drugs has 
reinvigorated interest in “drug repositioning,” 
the idea that a drug with a good track record 
for clinical safety and effi cacy in treating one 
disease might have broader clinical applications, 
some of which would not easily be predicted 
from the drug’s mechanism of action. This 
concept is illustrated by two recent studies that 
propose that drugs developed for cardiovascular 
disease might offer benefi cial effects in the set-
ting of prostate cancer.

Farwell et al. suggest that statins (cholesterol-
lowering drugs) merit serious consideration as a 
possible preventive strategy for prostate cancer. 
Building on earlier work on this topic, they 
found in a study of medical fi les of over 55,000 
men that those who had been prescribed statins 
were 31% less likely to be diagnosed with pros-
tate cancer than those who had been prescribed 
another type of medication (antihypertensives). 
In independent work, Platz et al. screened for 
agents that inhibit the growth of prostate cancer 
cells and found that one of the most effective 
was digoxin, a drug used to treat heart failure 
and arrhythmia. A complementary epidemiologi-
cal analysis of about 48,000 men revealed that 
digoxin use was associated with a 25% lower 
risk of prostate cancer, leading the authors to 
suggest that this drug be further studied as a 
possible therapeutic for the disease. — PAK

J. Natl. Cancer Inst. 103, 1 (2011); 

Cancer Discovery 1, OF66 (2011).

E C O L O G Y

Community Shares 

Climate change impacts are often assessed by 
tracking single species’ responses. Species exist 
as part of larger biological communities, how-
ever, and environmental changes can infl uence 
how species interact and allocate resources. One 
approach for assessing community-level change 
is to look at “aggregate properties,” the physical 
and energetic components of a community pro-
duced by the contribution and consumption of 
all its members. These include total abundance, 
biomass, and energy use. Community aggregate 
properties are typically thought to be more 
resistant to disturbance than are single species 
because of compensatory dynamics among com-
munity members. 

According to Rowe et al., however, these 
properties do indeed respond to persistent 
environmental changes, and such responses 

C H E M I S T R Y

Accumulating CO2

Even a milliliter of water contains so many tril-
lions upon trillions of molecules that a proton 
concentration range spanning 14 orders of 
magnitude (the standard pH scale) is rather 
easily sampled and measured. What happens, 
though, when water droplets shrink down 
to a few thousand molecules or less? At that 
point, it’s hard to even defi ne the pH range, 
let alone measure it. Levinger et al. confronted 
this dilemma in exploring the potential of 
CO2 to penetrate and react within reverse 
micelles—nanometer-scale pools of water 
bounded by surfactants within a hydrophobic 
solvent. They relied on tracking the extent to 
which vanadium oxide ions dissolved in the 

may be important indicators of the large-scale 
ecological impacts of climate change. The 
estimated total abundance, biomass, and energy 
use of a small mammal community, consisting 
of over 20 species, sampled 80 years ago in the 
Ruby Mountains of Utah, was compared to the 
same properties measured in the modern com-
munity. All properties showed marked declines 
and a shift in allocation away from diet and 
habitat specialists to generalists. These fi ndings 
suggest that climate warming and increased 
variability in precipitation have reduced primary 
productivity, resulting in not only a decrease in 
small mammal biomass but also an increased 
prevalence of ecological generalists better able 
to respond to an idiosyncratic fl uctuation in 
resources. — SNV 

Ecology 92, 10.1890/10-1634.1 (2011).

C H E M I S T R Y

Accumulating SO2

Once in the atmosphere, SO2 (a byproduct of coal combustion) can be oxidized further in the 

gas phase by radicals or undergo a more complex sequence of events within the aqueous phase 

of aerosol droplets, where (among other things) it may contribute to acid rain. The initial step 

in the latter process, the surface adsorption of SO2, probably depends on temperature and drop-

let composition. Ota and Richmond used vibrational sum-frequency generation—a technique 

highly sensitive to surface phenomena—to look at the adsorption of SO2 on water surfaces 

between the freezing point and room temperature. They found that at the coldest temperatures, 

almost all of the water molecules formed a surface complex with an adsorbed SO2 molecule, 

unlike the much lower surface coverage near room temperature. They also found that changing 

pH had little effect on adsorption, demarcating a clear division between the surface and internal 

chemistry of the droplets. — PDS

J. Am. Chem Soc. 133, 10.1021/ja201027k (2011).
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water pools linked up with one another after 
CO2 was introduced (51V nuclear magnetic 
resonance spectroscopy can clearly distinguish 
and quantify the different metal clusters). The 
known pH dependence of this oligomerization 
equilibrium in more conventional environments 
then allowed them to estimate the effective 
acidity within the micelles before and after CO2 
absorption. The results indicated signifi cant 
absorption of CO2 into the water pools, even 
under ambient conditions, with concomitant 
acidifi cation presumably associated with 
carbonic acid formation. The study implies that 
analogous acidifi cation of atmospheric aerosols 
by CO2 may be a more important process than 
previously appreciated. — JSY

J. Am. Chem. Soc. 133, 7205 (2011).

C E L L  B I O L O G Y

Splicing Limits the Damage

When plants encounter stresses such as extreme 
heat and drought, they induce signaling sys-
tems to minimize potential damage. Yeast and 
mammalian cells also engage similar signal-
ing cascades in response to stress. In plant, 
yeast, and mammalian cells, stress-induced 
cellular damage is induced by the accumula-
tion of unfolded proteins in the endoplasmic 
reticulum (ER), and this drives the expression 
of genes that promote proper protein folding or 
sequestration of misfolded proteins. Proteolytic 
processing and splicing of transcription factor 
mRNA are major mechanisms of generating 
transcription factors capable of inducing stress-
related genes. In plants, two members of the 
bZIP family of transcription factors are activated 
by proteolytic processing, but bZIP60, although 
truncated in its active form, is not activated 
in this manner. Deng et al. now show that in 
response to stress, mRNA that encodes the 

transcription factor bZIP60 is spliced to exclude 
a transmembrane domain and to implement a 
putative nuclear targeting signal. After splicing 
and translation, the bZIP60 protein translo-
cates to the nucleus (above; top row: unspliced 
bZIP60 (green) localized to the cytoplasm; 
bottom row: spliced bZIP60 localized to the 
nucleus), where it is able to activate down-

stream stress-response genes. These results 
show that stress-induced signaling mechanisms 
are highly conserved. — PJH 

Proc. Natl. Acad. Sci. U.S.A. 108, 7247 (2011).

M O L E C U L A R  B I O L O G Y

Precision RNA Measurements

Total RNA content within a cell depends on the 
rates of production of RNA transcripts, their 
processing, and the degradation of mature 
transcripts. Rabani et al. sought to determine 
how each of these processes contributes to the 
total RNA levels within a cell by using metabolic 
RNA labeling, RNA quantifi cation, and computer 
modeling. Changes in RNA levels depended 
most on the rate of transcription; however, this 
was variable across genes. Degradation rates 
were also variable across genes, and alterations 
in degradation rates were important for achiev-
ing sharp peaks in RNA amounts. Furthermore, 
RNA processing rates also varied across genes. 
These studies comprehensively show that RNA 
amounts within the cells are determined by 
complex interactions between all three process-
es, whose rates may be linked to the biological 
functions of these transcripts. — LMZ   

Nat. Biotechnol. 29, 10.1038/nbt.1861 (2011).

G E O L O G Y

When It’s Cold Down South

Earth’s climate cooled markedly over the past 
65 million years, changing from a world with 
forests and dinosaurs near the poles to one with 
huge ice sheets in Antarctica and much lower 
sea levels.  A marked decrease in atmospheric 
CO2 levels probably drove this cooling; a further 
important change was that plate motions iso-
lated Antarctica from the other continents. Tem-
perature records have been available from the 

oceans and other continents, where 
a variety of biological records can be 
tapped, but not from Antarctica for 
comparison. Dallai and Burgess have 
now constructed an initial temperature 
record using hydrogen isotopes in 
minerals in Antarctic igneous rocks 
altered by hydrothermal fl uids at 
specifi c dated times in the past. These 
fl uids tap surface waters where the 
isotopic ratio in part refl ects tem-

perature, and hydrogen is regularly exchanged 
between fl uids and OH-bearing minerals. The 
record, although rough and in some cases 
supported with limited data, shows cooling 
after about 40 to 45 million years ago by more 
than 10°C and a suggestion of some signifi cant 
oscillations. — BH

Geology 39, 423 (2011).
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But the draft BDCP fails to scientifi cally 
evaluate the consequences for the region’s 
ecosystem, the NRC panel concluded. This 
analysis is now under way, but the plan has 
other problems, the report says. Among 
them: fragmented science and a lack of 
detail, such as how much water would be 
channeled through the tunnel. The nearly 
$150 million endeavor will have to fi ll in 
these blanks by the end of 2013, when the 
fi nal plan is due. http://scim.ag/ca-water

Washington, D.C. 2

White House Tempers 
Impact of China Ban 
The Obama Administration has interpreted 
a congressionally imposed ban on scien-
tifi c collaboration with China in a way 
that may limit its impact. At a hearing last 
week, John Holdren, the president’s sci-
ence adviser, argued that it doesn’t apply to 
any diplomatic agreements between the two 
countries. The ban, which applies to activi-
ties involving NASA or the White House 
Offi ce of Science and Technology Policy, 
is part of the recently passed budget for the 
rest of fi scal year 2011 (Science, 29 April, 
p. 521). Holdren told Representative Frank 
Wolf (R–VA), chair of a House of Repre-
sentatives spending panel and author of the 
language, that “the prohibition should not 
be read as prohibiting interactions that are 
part of the president’s constitutional author-
ity to conduct negotiations. But we will be 
looking at that on a case-by-case basis.” 
After the hearing, Holdren noted that “my 
assumption is that there will be some activi-
ties that will be precluded.” 

Wolf is unlikely to let the matter rest, 
however. Don’t be surprised if an expanded 
version of the ban shows up in next year’s 
spending bill. 

Paris 3

Scientists in Growth Hormone 
Scandal Found Blameless
A French appeals court last week threw out 
charges of involuntary manslaughter and 
other crimes against two scientists involved 
in a growth hormone scandal that has led to 
the deaths of 125 children from Creutzfeldt-
Jakob disease (CJD), a fatal brain illness. 
The case has dragged on since the early 
1990s, and two of the original defendants 
have died. But the lawyers for the victims’ 
families say they intend to take the case to 
France’s highest court of appeal. 

From 1959 to 1988, France treated 1698 
growth-defi cient children with hormone 
derived from pituitary glands taken from 
human cadavers, a practice that has been 
linked to the transmission of CJD, a prion 
disease. Prosecutors faulted the scientists 
involved for not doing enough to prevent the 
infections, and for switching to the much 
safer synthetic growth hormone later than 
other countries.

But the appeals court confi rmed a lower 
court’s 2009 ruling that “no fault” had been 
committed by biochemist Fernand Dray (pic-
tured), who was in charge of purifying the 
material at the Pasteur Institute, and pediatri-
cian Elisabeth Mugnier, who was in charge 
of collecting the pituitary glands and moni-
toring treatment. The verdict noted that no 
one could have detected the contamination at 
the time. http://scim.ag/CJD-case    

Frankfurt, Germany 4

European Science Foundation 
Members Fumble Merger Plans
A plan to create a new body that would pro-
vide a powerful voice for science policy 
across Europe was thrown into disarray last 
week. The idea was to merge two existing 
organizations—the European Science Foun-
dation (ESF) and an informal body with the 
unfortunate acronym EuroHORCs (European 
Heads of Research Councils)—into a single 
outfi t that would help develop European sci-
ence strategy, coordinate national research 
activities, and lobby on behalf of national 

Northern California 1

Science Is Lacking in California 
Bay Delta Conservation Plan
A draft plan to restore the California Bay 
delta east of San Francisco contains major 
scientifi c gaps, according to a new report 
from the National Research Council (NRC). 

The delta provides drinking water to 
about 25 million people and irrigation to the 
Central Valley, a major agricultural zone. 
But pumping the water out has helped drive 
down the estuary’s fi sh populations; at the 
same time, water demand is increasing.

In search of a sustainable solution, mem-
bers from interest groups—such as wildlife 
agencies and irrigation districts—in 2006 
began work on the Bay Delta Conservation 
Plan (BDCP). Its centerpiece is a 65-km-
long tunnel designed to ferry water from the 
Sacramento River north of the delta directly 
to consumers, thus avoiding the destructive 
pumping of water from the estuary. 

31
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Fernand 

Dray, cleared 

in marathon 

legal case.
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Hoping for a Ticket to Ride

Care for a cruise on a hydrocarbon lake? Or a journey beneath the surface of Mars? How 
about hopping on and off a comet? NASA selected those three possibilities last week as 
candidates for its next Discovery mission, to be launched in 2016. 

The Titan Mare Explorer (TiMe, right) would splash down on a large methane-ethane 
lake on Saturn’s moon Titan, fl oat there for 3 months, and send back data on the lake’s 
composition and its role in Titan’s methane cycle. The Geophysical Monitoring Station 
(GEMS, left) would monitor seismic activity on Mars, probe heat fl ow from the interior, 
and track variations in the planet’s wobble. The third mission, Comet Hopper, would land 
on a comet several times and monitor changes as the comet interacts with the sun.  

The three competing groups have each been awarded $3 million to fl esh out their 
proposals; NASA will pick the winner next year. The cost: no more than $425 million. 

THEY SAID IT

“ The Q’ero Nation knows its history, its past, present and future is our 
Inca culture and we don’t need any so-called genetic study to know 
who we are. We are Incas, we always have been and always will be!”

—Benito Machacca Apaza, president of the Community of Hatun Q’eros, in a letter 
objecting to plans to collect DNA from the remote tribe in Peru as part of the 

National Geographic Society’s Genographic Project.  http://scim.ag/qeros-dna

NEWSMAKERS

funding agencies. The new organization, 
with the working title Science Europe, was 
planned as something of a counterweight to 
the European Union, which funds around 5% 
of the continent’s research but is the domi-
nant body in European science policymaking.

But some objected to the exclusion from 
Science Europe of societies that are now 
part of ESF; others complained that current 
ESF funding programs would be scrapped. 
Last week, the planned merger failed to gain 
enough votes at ESF’s general assembly. ESF 
is now discussing how to proceed. “Every-
one will have to take a deep breath,” says 
ESF President Ian Halliday. 
http://scim.ag/merger-fail  

Tokyo 5

Japan Scraps Nuclear Plan

In the wake of the Fukushima nuclear disas-
ter, Japan’s prime minister, Naoto Kan, 
announced this week that his government is 
abandoning its plan to build 14 new reactors 
and generate half the country’s electricity 
from nuclear power. Instead, Kan said, Japan 

Three Q’s

As the head of Howard 
Hughes Medical Insti-
tute’s (HHMI’s) new 
documentary fi lm unit, 
Michael Rosenfeld hopes 
to team up with research-
ers around the world to 
bring the excitement of 
scientifi c discovery to a 
broader audience.
HHMI has committed $60 million over 
5 years to fi nance fi lm projects. Rosenfeld, 
a television journalist who produced the 
popular Explorer series during more than 
2 decades at National Geographic, begins 
his job in July.

Q: Why has HHMI launched this initiative?
Both public and cable TV have had a lot of 
pressure on their fi nancial budgets. The ini-
tiative will make it possible to produce high-
end, ambitious projects. A good fi lm can pro-
vide clarity about scientifi c discoveries and 
what they mean. That’s especially crucial in 
the areas that are often debated … like vac-
cines or nuclear power.

Q: How do you balance substance and 
entertainment?
Make the scientifi c process really engag-
ing. It’s the job of the fi lm to make people 
understand why the process is so important 
and what makes it so interesting and what 
the stakes are. A great producer can take an 
intellectual puzzle and turn it into a mystery 
story and get the person hooked.

Q: What’s an adventure that you’ve had?
[Volcanologists and I] took a chopper up 
to the edge of the lava lake in Hawaii. We 
went out and collected lava samples, and 
… my [rubber-bottomed] shoes melted out 
under me. Suddenly I’m essentially stand-
ing in my bare socks. But the only injury 
was to my pride!

will emphasize renewable energy production 
and conservation. Nuclear plants now pro-
duce 30% of Japan’s electricity.

The move came 4 days after Kan urged 
the operators of the Hamaoka nuclear power 
plant to cease operations for  “the safety and 
security of the Japanese people.”  The plant, 
which sits near a fault line in a high-risk 
seismic area 200 kilometers southwest of 
Tokyo, is protected from tsunamis only by 
sand dunes. The Chubu Electric Power Co. 
complied on 9 May.  The shutdown will add 
to Japan’s electricity-generating woes; the 
country is already facing potential shortages 
this summer. 

TiMeGEMS

Published by AAAS

 o
n 

M
ay

 1
2,

 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/


13 MAY 2011    VOL 332    SCIENCE    www.sciencemag.org774

NEWS OF THE WEEK

C
R

E
D

IT
S

 (
T

O
P

 T
O

 B
O

T
T

O
M

):
 F

O
T

O
S

E
A

R
C

H
; 
R

IC
H

A
R

D
 B

E
H

N
, 
N

O
A

A
 C

O
R

P
S

/N
O

A
A

 P
H

O
T

O
 L

IB
R

A
R

Y
; 
E

P
F

L
/A

L
A

IN
 H

E
R

Z
O

G

FINDINGS 

Another Blow to Putative Cause 
Of Chronic Fatigue Syndrome
An exhaustive hunt for a mouse retro -

virus known as XMRV in people who have 

chronic fatigue syndrome (CFS)—includ-

ing patients who tested positive for the 

virus in other labs—has come up dry, fur-

ther defl ating hopes that a cause for this 

baffl ing disease has been found. “I’d urge 

people to move on rather than to keep their 

hopes hanging on the link between XMRV 

and CFS,” says Ila Singh, a virologist at 

the University of Utah in Salt Lake City, 

who led the new study.

The link between XMRV and CFS has 

sparked debate since it was fi rst reported 

(Science, 23 October 2009, p. 585). Singh’s 

analysis is the latest of several that have 

failed to fi nd XMRV in CFS patients, 

but the fi rst to test samples from patients 

involved in the original study. As Singh 

and her colleagues reported online 4 May 

in the Journal of Virology, they used sev-

eral tests for XMRV, including fi shing for 

viral sequences with the ultrasensitive PCR 

assay, trying to grow the virus in cell cul-

tures, and scouring the blood for antibodies 

to viral proteins. All 100 samples, includ-

ing those from 14 patients from the original 

study, were negative. http://scim.ag/_XMRV

Vaccine Thwarts SIV in Monkeys

AIDS vaccine research received a much-

needed booster shot this week. An experi-

ment published online in Nature, led by 

immunologist Louis Picker of the Oregon 

Health & Science Univer-

sity in Beaverton, showed 

that an unusual approach 

to outwit SIV (a simian 

cousin of HIV) protected 

12 of 24 vaccinated mon-

keys from a “challenge” 

with a particularly virulent 

strain of that virus. The 

protected monkeys became 

infected, but their immune 

systems drove the virus down to undetect-

able levels for more than a year. “It’s the 

best result I’ve seen against the worst SIV 

known,” says David Watkins of the Univer-

sity of Wisconsin, Madison, who was not 

involved with the work. “I’m very excited by 

this approach.”

The vaccine contains SIV genes 

stitched into a harmless cytomegalovirus 

(CMV) vector. AIDS vaccines usually use 

vectors that quickly die out after delivering 

the AIDS virus genes, but the CMV stays 

alive indefi nitely and constantly confronts 

the immune system with the mock version 

of the enemy. As a result, Picker contends, 

the immune system stays on high alert and 

can respond to an attack by the real virus 

much more quickly. “The whole game 

changes when you talk about early inter-

ception of the virus,” Picker says. 

http://scim.ag/_SIV

Even Robots Can Be Heroes

Evolutionary biologists have struggled to 

explain self-sacrifi cing behavior, which 

seems to defy survival of the fi ttest. Simu-

lations of “evolving” robots have now con-

fi rmed an explanation posed by biologist 

W. D. Hamilton in the 1960s: We tend to 

Ship in Bottle, Meet Rogue Wave in Tub

Toy boats beware! For the fi rst time, physicists have created a rogue wave in a labora-
tory tank, supporting the idea that a simplifi ed theory can explain the freakishly tall 
ship sinkers. 

Researchers have proposed describing anomalous water waves with a simple differ-
ential equation called the nonlinear Schrödinger equation. One of its solutions consists 
of an isolated peak that emerges out of a steady wave train (a so-called sine wave) then 
fades back into it, just like a rogue wave. Now, mathematician Amin Chabchoub at the 
Hamburg University of Technology and colleagues have produced that “Peregrine solu-
tion” in a 15-meter-by-1.6-meter tank fi lled with water to a depth of 1 meter. Using a 
computer-controlled paddle, they generated a sine wave with an amplitude of 1 cen-
timeter. They then briefl y increased the size of the paddle’s motion to trigger a rogue 
wave that grows to three times the sine wave’s height and moves at half its speed, 
exactly as predicted by the Peregrine solution, the researchers report in a paper in press 
at Physical Review Letters.

Demonstrating the Peregrine solution in water waves is a “big step” toward proving 
that the nonlinear Schrödinger equation can describe real-world ocean waves, says Al 
Osborne, a physicist at the University of Turin in Italy. Next up: creating rogue waves in 
water that’s more chaotic. http://scim.ag/_rogue    
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BY THE NUMBERS

10.1 Billion The world popula-

tion by 2100, according to new pro-

jections by the United Nations. It had 

previously forecasted the population 

peaking in the low 9 billions, then 

declining. http://scim.ag/_worldpop

8.2% The percentage of Ameri-

cans with asthma as of 2009, accord-

ing to the U.S. Centers for Disease 

Control and Prevention. That’s up 

from 7.3% in 2001.

2.6% The prevalence of autism 

among children aged 7 to 14 in 

Goyang, South Korea. That’s more 

than twice the estimated rate in the 

United States, according to an online 

paper in The American Journal of 

Psychiatry.

Random Sample

Missing in Action
Who won the 1916 Nobel Prize 
in physics? Trick question: The 
Nobel Committee, harried by 
World War I, left it vacant. But 
a petition circulating to dozens 
of U.S. universities aims to fi ll 
that gap with Henry Moseley, 
an x-ray specialist. 

In 1913, Moseley, just 25 
and then at the University of 
Manchester in the United King-
dom, determined that each 
element’s spot on the periodic 
table equaled the proton count 
in its nucleus, uniting chemistry and atomic physics and giving the table a sound theoretical 
basis. Moseley likely would have won a Nobel but died serving with the British Army at Gallipoli 
in 1915.

Nobels cannot be awarded posthumously. But as the centennial of Moseley’s death 
approaches, David Harder, a science enthusiast and former UPS warehouse worker living in 
California, wants the Nobel Committee to take this unprecedented step. Others, notably Isaac 
Asimov, suggested the idea before, Harder says, “but since nothing was getting done, I decided 
I’d take care of it.”

So on 1 April (“terrible date to postmark them,” he admits), Harder mailed petitions to 104 
top chemistry and physics departments in 28 states, asking scientists for support. So far he’s 
gotten no response: “It’s really bummed me out.”

Harder knew he might struggle to enlist people, partly because one could argue that Nikola 
Tesla, Lise Meitner, or others deserve vacant prizes, too. But Moseley’s “fantastic leap forward” 
stands above all, Harder argues. “We are not talking about rewriting history,” his letter pleads, 
“merely correcting an error.”

help those who are more closely related to us 

because they can pass on more of our genes.

To test Hamilton’s idea, scientists need to 

watch organisms evolve over many genera-

tions. So Laurent Keller of the University of 

Lausanne in Switzerland and his colleagues 

created an evolutionary computer simulation 

starring tiny robots (pictured). To simulate 

mutations, the computer randomly tweaked 

the connections in the robots’ “nervous 

systems,” making them better or worse at 

retrieving small discs—a stand-in for food. 

The simulations ran for hundreds of 

rounds, each time selecting and cloning 

the best food gatherers and culling the oth-

ers. Sharing evolved most quickly in more 

closely related robots, as Hamilton predicted, 

the researchers reported online 3 May in 

PLoS Biology. 

Some researchers are leery of drawing 

conclusions about organisms from virtual 

robots, but others say the work shows how 

robust Hamilton’s rule is. 

http://scim.ag/robot-heroes

High-Tech Gas Drilling 

Fouling Drinking Water

A study, published this week in the Proceed-

ings of the National Academy of Sciences, is 

the fi rst systematic, peer-reviewed analysis 

to build a credible link between extraction of 

natural gas locked deep in shale and the con-

tamination of nearby water wells. The analy-

sis gives few clues, however, to how perva-

sive such contamination might be.

The Oscar-nominated documentary fi lm 

Gasland dramatized the debate over shale 

gas extraction by showing a homeowner set-

ting fi re to well water gushing from a faucet. 

The supposed culprit was 

nearby “fracking,” pumping 

fl uids into a wellbore until the 

shale shatters, releasing the 

tightly bound gas.

Duke University envi-

ronmental scientists sam-

pled well water across 175 

kilo meters of far northeast 

Pennsylvania. Methane was at 

background levels more than 

a kilometer from an active gas 

well. But methane levels shot 

up closer to fracking opera-

tions, in some cases to fl am-

mable levels. Chemical and isotopic analyses 

clinched the case, tying the gas from close-in 

water wells to the deep shale. The new study 

will no doubt be on the reading list of a blue-

ribbon panel announced last week by Energy 

Secretary Steven Chu that will recommend 

ways to improve shale gas fracking. 

http://scim.ag/methane-water 

Injecting high-pressure fl uids into deep shale frees methane.
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They came to the island with the best of 

intentions—only to sow disease and death.

An eagerly awaited report from an inde-

pendent panel leaves little doubt that United 

Nations peacekeeping forces from Nepal 

inadvertently introduced cholera to Haiti last 

fall, triggering an epidemic that has killed 

almost 5000 and whose end is not yet in sight. 

The four-member committee, which pre-

sented its fi ndings to U.N. Secretary-General 

Ban Ki-moon in New York City on 3 May, dis-

patches with the theory that Vibrio cholerae 

had been lurking in local waters and emerged 

as a result of favorable ecological or environ-

mental circumstances.

Although the study fi nds fault with the san-

itation at three camps of the United Nations 

Stabilization Mission in Haiti (MINUSTAH), 

it is careful not to apportion blame; it also says 

there is no evidence that anyone within the 

camps ever suffered from cholera. The entire 

catastrophe may have started with a single 

carrier: an infected person who wasn’t sick 

himself but shed the bacteria in his stool, says 

the panel’s chair, Alejandro Cravioto, who 

heads the International Centre for Diarrhoeal 

Disease Research, Bangladesh, in Dhaka.

This puts the panel’s report starkly at odds 

with another study by French epidemiologist 

Renaud Piarroux that was published online 

last weekend by the journal Emerging Infec-

tious Diseases (EID). Based on data gathered 

in Haiti early in the epidemic, Piarroux con-

cludes that a Nepalese camp near the town of 

Mirebalais, in Haiti’s Centre department, had 

a major outbreak of cholera among its men 

and dumped up to 1000 liters of contami-

nated feces into local waters, despite telling 

the world all was fi ne.

The U.N. panel reviewed a series of 

genetic studies, some not yet published, which 

strongly suggested that the V. cholerae strain 

wreaking havoc in Haiti originated in South 

Asia and was released in Haiti from a sin-

gle point. A weeklong investigation on the 

ground in Haiti convinced the group that the 

outbreak started in Mirebalais and in a mat-

ter of days spread along the Artibonite, Haiti’s 

biggest river, which is used widely for collect-

ing drinking water, bathing, washing clothes, 

playing, and irrigation.

An inspection of the Mirebalais camp fur-

ther showed that MINUSTAH had failed at 

a cornerstone of cholera prevention: keeping 

feces and drinking water apart. Waste from 

toilets was collected in big fi berglass tanks, 

but the pipes leading to the tanks were shod-

dily constructed, and waste may have leaked 

into an open ditch running through the camp. 

Moreover, a Haitian contractor who came 

to empty the tanks twice a week simply 

trucked the waste to an open disposal pit on a 

nearby hilltop, which overfl owed during rain-

fall. Panel members also saw children play-

ing and animals roaming near the pit. (Two 

other Nepalese camps nearby had their waste 

dumped at the pit as well.)

Piarroux—who investigated the out-

break with other scientists in November at 

the request of the Haitian government—also 

blamed unsanitary conditions at the camp, 

but his paper in EID goes much further. The 

Artibonite delta saw a wave of thousands 

of cases in the fi rst few days, followed by a 

sharp drop. Only a massive, one-time release 

of contaminated feces racing down the river 

could explain that pattern, he writes.

A back-of-the-envelope calculation that 

takes into account the number of bacteria one 

needs to ingest to contract a serious case of 

cholera, the water volume of the river, and 

other factors leads Piarroux to conclude that 

more than 100 trillion V. cholerae microbes 

may have been released—which means that 

dozens or even hundreds of soldiers were 

sick. “What happened in this river is some-

thing I have never seen in all of my experi-

ence with cholera,” Piarroux says.

Cravioto says he has no reason to doubt 

MINUSTAH’s claim that it had no diarrhea 

cases at the camp. The medical records were 

silent, he says, and “we didn’t see any pages 

that were torn out.” Another panel mem-

ber, Harvard University water and sanita-

tion engineer Daniele Lantagne, says other 

mechanisms could explain the initial spike in 

cases, such as V. cholerae replication inside 

the fi rst Haitian victims or in the disposal pit.

CDC epidemiologist Scott Dowell, who 

wrote a commentary to Piarroux’s paper in 

EID, praises Piarroux’s “careful fi eld inves-

tigations” but says he sees no reason to 

question MINUSTAH’s version either. But 

Harvard cholera scientist Matthew Waldor 

says the panel’s report doesn’t fully address 

what happened during the early stages of the 

outbreak. “There are still scientific ques-

tions about how the spread happened so rap-

idly,” he says. Waldor says he’d like to see a 

comparison of the whole-genome sequence 

of the Haitian strain with one from the chol-

era outbreak in the Nepalese capital Kath-

Unsanitary. A Haitian contractor dumped waste 
from three Nepalese camps at an open pit.

Cholera Linked to U.N. Forces, 

But Questions Remain

H A I T I ’ S  C H O L E R A  O U T B R E A K

Leaky system. The camp at Mirebalais had “broken 
pipes and poor pipe connections,” a U.N. report says.
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In principle, scientists could control the 

worm Caenorhabditis elegans as if it were 

a robot by tapping into the creature’s 297 

nerve cells—as some are trying to do. The 

neurons switch one another on or off, and, 

making 2345 connections among them-

selves, they form a network that stretches 

through the nematode’s milli meter-long 

body. How many neurons would you have 

to commandeer to control the network with 

complete precision? The answer is 49. And 

the algorithm that made that tally marks a 

key advance in the young fi eld of “network 

science,” researchers say.

Taking a connect-the-dots approach, 

researchers have modeled groups of friends, 

stock markets, the Internet, and count-

less other systems as networks of points, or 

“nodes,” linked by their interactions. Most 

research has focused on characterizing dif-

ferent types of networks and their behavior. 

But physicists Yang-Yu Liu and Albert-László 

Barabási of Northeastern University in Bos-

ton, and engineer Jean-Jacques Slotine of 

the Massachusetts Institute of Technology in 

Cambridge, have gone further, taking a step 

toward manipulating networks.

The trio has found a way to determine the 

smallest number of nodes that must be exter-

nally controlled to force a given network 

from any initial state to any desired final 

state. That number can be calculated by brute 

force, but the size of the computation grows 

exponentially with the number of nodes. So 

the researchers take a more effi cient tack, 

as they report this week in Nature. For each 

node in a network, they randomly erase all 

but one outgoing link and all but one incom-

ing link to create a skeleton called a “match-

ing.” They apply a simple technique to make 

sure the matching contains as many links as 

possible. In the end, some nodes are left dis-

connected. And those nodes form a set that 

can control the original network.

The researchers counted the number of 

control nodes in 37 real-world networks, 

including social networks among prison 

inmates and wiring diagrams of electronic 

chips, and unearthed some surprises. The 

number of control nodes doesn’t depend on 

how a network is wired, for example, and the 

nature of the interactions isn’t very important, 

either. What matters most is a statistical 

measure of how many nodes have differ-

ent numbers of incoming and outgoing 

links, the “degree distribution.”

The work is both more general 

and more practical than earlier efforts 

to apply control theory to networks, 

says Guanrong Chen, an electrical engineer 

at City University of Hong Kong. Previous 

studies, he says, dealt only with “undirected” 

networks: special cases in which if node A 

infl uences node B, then node B must infl uence 

node A in the same way. The new work treats 

the more-common case of directed networks, 

in which A can infl uence B without B infl u-

encing A. Also, Chen says, the algorithm for 

fi nding a set of control nodes “is very impor-

tant because it’s useful.”

The algorithm might help decipher the 

networks of biochemical interactions within 

cells, says Rune Linding, a biologist at the 

Technical University of Denmark in Lyngby. 

In kinase phosphorylation networks, proteins 

called kinases attach phosphate groups to one 

another to alter their functions. Human cells 

contain more than 500 kinases with more 

than 200,000 phosphorylation sites. Biolo-

gists have traced those interaction networks 

but don’t know how to control them, Linding 

says. “We’ve really been lacking a framework 

with which to derive this from data and not 

from wishful thinking,” he says. “This paper 

gives us a framework to go forward.”

Even so, the paper has its limitations. For 

example, it doesn’t explain how to manipu-

late the control nodes to get from one state 

to another. That likely would depend on the 

details of connections and interactions in the 

network, says Steven Strogatz, an applied 

mathematician at Cornell University. “I feel 

that there is a lot missing between ‘control-

lable in principle’ and ‘controllable in prac-

tice,’ ” he says.

Still, the paper is important, Strogatz says, 

and so is the collaboration that produced the 

results. Twenty years ago, physicists and con-

trol theorists locked horns over the study of 

chaos, he says, as the two groups sometimes 

ignored or dismissed each other’s contribu-

tions. “What’s really appealing about this 

paper is that Jean-Jacques Slotine is a topfl ight 

control theorist, and [in Barabási] he’s teamed 

up with one of the leading network theorists,” 

Strogatz says. In other words, the paper itself 

has forged a network among fi elds.

–ADRIAN CHO

P H Y S I C S

mandu in September 2010, right before the 

U.N. forces left home.

Suspicions of a U.N. link to the epidemic 

have incited protests and violence in Haiti, 

and the panel does not fan those fl ames. It 

says that the outbreak “was not the fault of, 

or deliberate action of, a group or individ-

ual,” and that the introduction would never 

have evolved into disaster without what 

Lantagne calls a “perfect storm” of other 

factors, including Haiti’s poor infrastruc-

ture and the salinity of the Artibonite delta, 

which favors V. cholerae’s growth.

Nevertheless, it proposes a series of mea-

sures to prevent such introductions in the 

future. U.N. installations around the world 

should get their own waste-treatment facili-

ties so they’re independent of questionable 

local contractors, and U.N. staff coming 

from cholera-endemic countries should be 

screened for the disease before leaving home 

or given a prophylactic dose of antibiotics.

Some scientists have called such mea-

sures ineffective or impractical (Science, 

28 January, p. 388), and Waldor says The 

New England Journal of Medicine made him 

strike similar recommendations, deemed 

“infl ammatory,” from a January paper pre-

senting evidence for an Asian connection. 

But Cravioto says the measures are not that 

diffi cult to implement. Ban Ki-moon has said 

a new panel will study how to put the advice 

into practice.  –MARTIN ENSERINK

Genetic links. The 

processes that control 

gene transcription 

in E. coli form 

a directed 

network.

Scientifi c Link-Up Yields ‘Control Panel’ for Networks

Published by AAAS
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For more than 150,000 years, Neandertals 

had Europe’s lush river valleys to themselves. 

Then, beginning about 40,000 years ago, 

modern humans swept in from Africa and 

the Near East, spreading rapidly from east to 

west. Soon, the archaeological evidence sug-

gests, the Neandertals retreated to “refugia” 

in southern Europe, such as Spain and Portu-

gal—their last holdouts before going extinct.

Or were they? On page 841, a research 

team claims that some of the last Nean-

dertals may have taken refuge in the dark 

Arctic north rather than the sunny south. 

At the 32,000-year-old site of Byzovaya 

in Russia’s Polar Ural Mountains, which at 

65 degrees latitude is as far north as Iceland, 

archaeologists found stone tools they argue 

are typical of those long associated with 

Neandertals in Europe. 

If Neandertals did make the tools, it 

would be a “very big thing,” says archae-

ologist Wil Roebroeks of Leiden Univer-

sity in the Netherlands. Byzovaya would 

push Neandertals’ range northward by 

1000 kilometers, and the site would be one 

of the youngest claimed for Neandertals, 

especially since recent redating has moved 

many Neandertal sites earlier in time (http://

scim.ag/Neandertals). It would also show 

that the cold-adapted Neandertals could sur-

vive the rigors of the Arctic.

But because the new evidence is tools 

rather than the bones of Neandertals them-

selves, the Byzovaya team appears to have 

walked into the whirling blades of one of 

archaeology’s sharpest debates: Can a hom-

inin species be identifi ed solely by the stone 

tools it left behind?

Archaeologists working in Europe have 

been identifying Neandertals by their char-

acteristic stone tool culture, called the Mous-

terian, “for 150 years of research,” notes 

archaeologist Ludovic Slimak of the Univer-

sity of Toulouse in France, lead author on the 

new Byzovaya paper. But a 

growing number of research-

ers take issue with the practice, 

arguing that modern humans in 

Africa and the Near East often 

made Mousterian-like tools. 

“There is no basis for conclud-

ing that the simple-looking 

tools at Byzovaya were made 

by Neandertals,” says archae-

ologist John Hoffecker of the 

University of Colorado, Boul-

der. He says the mammoth 

hunters of Byzovaya may have 

been modern humans rather 

than Neandertals.

Byzovaya has been exca-

vated by several teams since 

the 1960s, yielding more than 

300 stone artifacts and about 

4000 animal bones, nearly all 

from mammoths. Slimak and 

his colleagues found that the 

tools were made from stone 

cores carefully prepared to 

maximize the number and 

quality of fl akes that could be 

struck from them with a ham-

mer of stone or bone. That 

kind of preparation is typical 

of Mousterian tools, which are associated 

with Neandertal bones across Europe. (They 

are named after the site of Le Moustier in 

southern France, where they were fi rst iden-

tifi ed.) The Byzovaya hominins also appar-

ently did not use “blades”: long, slender, 

fi nely worked tools that in Europe are typi-

cal of modern human sites. So Slimak’s team 

concludes that Neandertals probably made 

the Byzovaya tools.

If the tools are Mousterian, it is a “good 

bet” that Neandertals made them, archaeolo-

gist Harold Dibble of the University of Penn-

sylvania says. “In Europe, there has never 

been an exception to [Mousterian] tools 

being associated with Neandertals,” he says.

But others say such a conclusion is pre-

mature at best. Artifacts similar to those 

found at Byzovaya were used by both Nean-

dertals and modern humans throughout 

western Asia, including the Near East, where 

both species lived about 100,000 years ago, 

argues archaeologist John Shea of Stony 

Brook University in New York. Shea adds 

that “Mousterian-like” tools are also found 

in Africa. “They are no more uniquely asso-

ciated with Neandertals than is a big brain or 

an opposable thumb,” he says.

And Hoffecker says modern humans 

apparently used Mousterian-like tools if they 

suited their purposes. Tools similar to those 

found at Byzovaya are sometimes found at 

sites associated with modern humans, he 

says. At Kostenki in Russia, Hoffecker and 

colleagues have found that such tools were 

used to butcher horses and other large mam-

mals, even though there is fossil evidence 

that modern humans occupied Kostenki.

In the Science paper, Slimak and his col-

leagues acknowledge that modern humans 

could have made the tools at Byzovaya, 

although they think it unlikely. “Byzovaya 

is in Arctic Europe, not in the [Near East] 

or in Africa,” Slimak told Science, “and in 

Europe, the equation ‘Mousterian equals 

Neandertal’ ” has always been “absolutely 

true.” Slimak argues that the less-sophisti-

cated tools found at sites like Kostenki, which 

he has studied, are not truly Mousterian 

because they were not fashioned in the same 

way from prepared cores, even if they look 

similar. And at sites where modern humans 

left artifacts that resemble Mousterian tools, 

they also left behind more sophisticated arti-

facts that “reveal their cultural affi liation,” he 

says. No such characteristically modern tools 

turn up at Byzovaya, Slimak insists.

Both camps agree that the debate can-

not be definitively resolved without find-

ing hominin bones or DNA at Byzovaya 

or nearby. Until that happens, says Jean-

Jacques Hublin of the Max Planck Institute 

for Evolutionary Anthropology in Leipzig, 

Germany, the suggestion that Neandertals 

ranged so far north would be “an overinter-

pretation of the archaeological evidence.”

–MICHAEL BALTER

Did Neandertals Linger in Russia’s Far North? 

A R C H A E O LO G Y

Tools of contention. Archaeologists argue that tools in Byzovaya Cave 
(top) were left by some of the last Neandertals.
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In recent years, researchers working with 

people who’ve suffered massive brain inju-

ries due to accidents, hemorrhages, or other 

causes have found evidence that some patients 

who show few outward signs of awareness can 

experience pain and may even have a degree 

of consciousness. Better methods for assess-

ing consciousness in these patients might 

help doctors calibrate pain medication and 

predict their prognoses, and they might help 

give comfort or closure to families desperate 

to know whether a loved one can understand 

their words or feel their touch.

In this week’s issue of Science (p. 858), 

researchers describe a potential step in that 

direction. By feeding electroencephalo-

graphic (EEG) recordings of brain activity 

into a sophisticated mathematical model, they 

say they have identifi ed a neural signature of 

consciousness that is present in healthy people 

and brain-damaged patients who retain some 

awareness, but not in people who are truly in 

a vegetative state. Other researchers say the 

method is innovative but not ready for clinical 

use. In the meantime, however, the study may 

provide insights into the mystery of how con-

sciousness is embodied in the human brain. 

Researchers led by Melanie Boly and 

Steven Laureys of the Coma Science Group 

at the University of Liège in Belgium col-

lected EEG recordings in 22 healthy vol-

unteers and 21 brain-damaged patients. 

(Their families gave permission.) Eight 

patients were diagnosed as being in a veg-

etative state, characterized by only refl ex-

ive responses, and 13 were in a minimally 

conscious state, a less profound impairment 

in which patients have occasional fl ashes of 

responsiveness, such as following an object 

with their eyes or squeezing someone’s hand 

on command. 

The researchers made the EEG recordings 

while subjects listened to a series of tones. Pre-

vious studies with healthy people have found 

a characteristic pattern of ups and downs in 

the EEG trace that lasts several hundred milli-

seconds after the pitch of the tones suddenly 

changes—a sign that the brain has noticed. 

These blips diminish during sleep and under 

anesthesia, suggesting to some researchers 

that they may be an indicator of conscious-

ness. Boly and colleagues found that in the 

vegetative-state patients, the response to 

changing pitch was diminished and fl eeting, 

lasting less than 100 milliseconds. 

To investigate why, the Belgian team col-

laborated with neuroscientist Karl Friston 

and colleagues at University College Lon-

don, who have developed mathematical 

models that enable researchers to infer the 

network of brain regions that gives rise to a 

specifi c EEG signal. This modeling showed 

that in all of the study subjects, including 

those in a vegetative state, the tones stimu-

lated activity in parts of the temporal cortex 

specialized for processing sounds.

Neuroscientists generally agree that the 

brain processes sounds and other stimuli in 

a hierarchical fashion: Signals fl ow up from 

the brainstem to areas of the temporal cortex 

that analyze the frequency, timing, and loca-

tion of sounds, and then on to “higher” areas 

of the parietal and frontal cortex thought to 

contribute to conscious awareness (“That’s 

my cell phone ringing,”) and decision-

making (a looming deadline or “no time to 

talk”). In healthy subjects and minimally con-

scious patients, the modeling indicated, the 

frontal and parietal cortex send signals back 

down to the temporal cortex, completing a 

feedback loop. In vegetative-state patients, 

this feedback signal was absent, which 

explains their truncated EEG responses to the 

changing tones. “What we’ve shown is that 

it’s this top-down communication from these 

frontal and parietal networks that is necessary 

for you to be conscious,” Laureys says.

The findings give experimental support 

to a model of consciousness advocated by 

Lionel Naccache, a neurologist and cogni-

tive neuroscientist at the French biomedical 

research agency INSERM in Paris, and col-

leagues. “We’ve proposed from a theoretical 

point of view that the fi rst stages of percep-

tion are not conscious, and that conscious 

perception arises from a long-range conversa-

tion across cortical regions,” Naccache says. 

He thinks the new EEG method has “a lot of 

potential” for improving the clinical diagno-

ses of unresponsive patients.

One caveat is that the method has only 

been shown to distinguish groups of peo-

ple, says Adrian Owen, a neuroscientist at 

the University of Western Ontario in Lon-

don, Canada. “In a clinical setting, you want 

to look at an individual and say whether that 

person is conscious or not,” Owen says. In 

2006, Owen and colleagues reported such a 

method, using functional magnetic resonance 

imaging (fMRI) to reveal surprisingly robust 

activity in the brain of one unresponsive sub-

ject after she’d been instructed to imagine 

herself engaging in specifi c activities such as 

walking through her house (Science, 8 Sep-

tember 2006, p. 1402). His group is working 

on adapting that method for use with EEG, 

which is cheaper and more portable than 

fMRI. “It’s obvious that for something to be 

clinically viable, it’s going to have to be EEG-

based,” Owen says.

It remains to be seen which tool—or more 

likely, combination of tools—will be most 

useful for distinguishing vegetative-state 

patients from those with some level of aware-

ness, says Nicholas Schiff, a neurologist at 

Weill Cornell Medical College in New York 

City. But such tools are sorely needed, Schiff 

says: “What you risk is too great a medical 

error to be tolerated.”  –GREG MILLER 

Feedback From Frontal Cortex May 
Be a Signature of Consciousness

N E U R O S C I E N C E

Not responding. A new EEG technique (above) 
might one day help doctors assess vegetative-state 
patients for any glimmer of consciousness.
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Don’t be duped by its delicate pale fl owers; 
Japanese knotweed can be a sinister plant. 
Native to eastern Asia, Fallopia japonica 
was intentionally introduced into gardens in 
Europe 200 years ago by fans of its attrac-
tive blooms; from there it spread to North 
America. What makes this invasive weed so 
menacing is its ability to grow through solid 
concrete foundations, forcing contractors to 
abandon infested building sites. In England 
alone, about a half-million homes are unin-
surable, and in the United Kingdom, damages 
and removal cost $288 million a year. 

Now the British government has taken a 
bold step to solve this knotty problem, and 
North American researchers might not be far 
behind. Last week, after more than 5 years of 
research into the matter and an initial pilot 
trial, the United Kingdom approved the wide-
spread release of one of the plant’s natural 
enemies. While there are dozens of biologi-
cal controls already in use against insect pests, 
this is the fi rst offi cially sanctioned release of 
one against a weed in the European Union. 
“This is an extremely important step. … If 
this is successful, it will really open the doors 
and open the minds of people for this control 
method in Europe,” says weed biocontrol spe-
cialist Hariet Hinz of CABI Europe in Dele-
mont, Switzerland, a nonprofi t agricultural 
research organization. 

The weapon against this goliath of the 
weed world—Japanese knotweed grows into 
3-meter-high thickets—is a 2-millimeter-
long plant louse, or psyllid, Aphalara itadori, 
whose release at eight sites across England 
and Wales has been approved by the U.K. 
Food and Environment Research Agency and 
the Welsh Assembly Government. Research-

ers hope the winged insect will reproduce 
and gradually spread throughout the country, 
sucking the life out of knotweed. “We want 
to start an invasion,” says ecologist Richard 
Shaw, who leads the psyllid project at CABI’s 
outpost in Surrey, U.K.  

Finding a useful enemy of the weed was 
a long process—and getting approval to 
release it was even more arduous. After all, 
what comes to most people’s minds when one 
mentions biological control are high-profi le 
ecological disasters, such as the release of the 
cane toad in Australia. Rather than sticking 
to their target insect, the cane beetle Dermo-

lepida albohirtum, cane toads wound up gob-
bling everything in sight. But events like this 
are rare, Shaw says; over the past 100 years, 
more than 1400 organisms—mostly insects 
and fungi—have been released against 380 
target weeds worldwide, and only 1% of 
them have been found to feed on plants other 
than their targets. 

Identifying a natural enemy that, unlike 
the generalist-feeding cane toad, only attacks 
Japanese knotweed was Shaw’s goal. In Japan, 
Japanese knotweed is common but rarely 
grows big enough to cause problems thanks to 
168 insects and 40 fungi that keep it in check. 
Four years ago, Shaw and his team brought 
about 40 potential biocontrol agents back to 
the United Kingdom for further testing.

A literature search of each species’ diet 
pinpointed nine potential knotweed special-
ists: a sawfly, two weevils, two beetles, an 
aphid, a couple of rust fungi, and the psyllid. 
The team then tested those dietary preferences 
in the lab. They tried to grow each weed eater 
on 90 other plant species, including important 
crops, native U.K. plants, and close cousins of 

the Japanese knotweed, such as bindweeds. 
The psyllid proved the most host-specifi c. It 
was also the easiest to rear in huge numbers, 
which is vital for raising enough individuals to 
release as a biocontrol agent.

In 2010, the U.K. government gave the 
cautious go-ahead to a limited fi eld trial at two 
isolated stands of knotweed. After 3 months, 
the knotweed was still infected with the psyl-

lid. Although it was too early to assess the 
louse’s impact on knotweed, the trials con-
fi rmed that it had not spread to close knot-

weed relatives planted among the knotweed. 
Coming up with this biocontrol agent has 

taken “a tremendous effort to identify and 
risk-assess,” says ecologist Jeffrey Bale of 
the University of Birmingham in the United 
Kingdom. Later this month, the researchers 
will release an estimated 100,000 lab-raised 
lice at eight sites. At each site, they will mon-
itor that the psyllid continues to be selective 
about its culinary decisions. 

In parallel with these efforts, the psyllid 
may be released in the northeastern United 
States and Canada in 2012, says Fritzi 
Grevstad, an ecologist at Oregon State Uni-
versity, Corvallis, and one of the researchers 
on the project.

Even critics of biological control are 
impressed with the evidence Shaw’s team has 
amassed. “It looks like these guys are right on 
track,” says Peter Stilling, an ecologist at the 
University of South Florida, Tampa. “They 
appear to have done their homework” with 
respect to fi nding a knotweed specialist, he 
says. However, Stilling remains worried about 
unforeseen consequences of the release on the 
whole ecosystem. He cites the example of a 
fl y species that was introduced into the west-
ern United States in the 1970s to control knap-
weed. The fl y didn’t kill the weed but instead 
caused it to form hundreds of galls, which pro-
vided an enriched food source for mice. These 
mice carried hantavirus, which causes serious 
respiratory problems in humans if contracted. 
As the mice population grew, the rates of 
hanta virus infection in humans at a study site 
in western Montana went up. 

Equally important, it remains to be seen 
if the psyllid can control the knotweed, 
Stilling says. Shaw agrees: “We are very good 
at saying what [the psyllid] won’t eat … but 
not whether it will establish,” or how effective 
it will be. Even so, if it reduces the impact of 
Japanese knotweed by even 1%, it will have 
paid for its release within a year, Shaw says.

–JENNIFER CARPENTER

B I O C O NT R O L

Weed whacker. In the United Kingdom, a little louse 
(lower right) is about to be set loose against invasive 
Japanese knotweed.

Loosing the Louse on 
Europe’s Largest Invasive Pest

Published by AAAS
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BOLOGNA, ITALY—There are too many dino-

saurs in the world, and John Horner says it’s 

time to start culling the herd.

Horner has nothing against the ancient 

reptiles; as a paleontologist at Montana 

State University, Bozeman, he has discov-

ered several new species of them himself 

and even has two named after him. But 

he worries that—with almost 1000 types 

of dinosaurs on record and a new species 

being named somewhere in the world every 

2 weeks—too many supposedly new dis-

coveries are actually duplicates of animals 

already on the books. 

Horner wants to set the record straight. At 

a conference in his honor here last month,* 

Horner gave colleagues a preview of his plan 

for doing that: a rigorous set of procedures 

for studying dinosaur fossils that he calls the 

Unifi ed Frame of Reference (UFR). “To take 

Einstein’s word, it is a kind of geobiological 

unifi ed fi eld theory,” Horner told Science. If 

implemented worldwide, he says, UFR will 

eliminate at least 50 dinosaur species in a 

few years by revealing that those animals 

were actually other known dinosaurs at dif-

ferent stages of growth.

Other researchers who have studied the 

“alias problem” share his concern. Michael 

J. Benton, a paleontologist at the University 

of Bristol in the United Kingdom, says his 

analyses of fossil data indicate that 51.7% of 

dinosaur species are miscategorized. That’s 

a “frightening fi gure,” he says. “This means 

that more than half the species of dinosaurs 

ever named were in error.”

Part of the problem, Horner says, is 

that scientists are sometimes too keen on 

fi nding and naming new dinosaurs. Philip 

Currie of the University of Alberta in 

Edmonton, Canada, president of the U.S. 

Society of Vertebrate Paleontology (SVP), 

agrees. “Paleontologists are still more con-

cerned about establishing new species than 

they are of assessing the … variation of an 

already established species,” Currie says. 

“Both researchers and journals consider a 

paper establishing a new species’ name as 

more interesting and publishable.” Research-

ers also tend to study the external character-

istics of fossils, such as the size of a leg bone, 

the shape of a skull, or the number of teeth 

in a jaw, Horner says, and to focus too much 

on their differences rather than their similari-

ties. Yet paleontologists are coming to real-

ize that the bones of an adult dinosaur can be 

very different from those of a juvenile 

animal of the same species and can 

easily mislead scientists into thinking 

they are two different species.

Thus, Horner’s UFR urges 

re searchers to determine as early as 

possible whether a fossil represents 

a juvenile animal or an adult. “Being 

able to decipher the development of 

various stages of growth of a dinosaur 

is as important as having discovered 

a new one,” Horner says. In particu-

lar, he says, paleontologists must look 

at the bones from the inside, using 

microscopic histological analysis to distin-

guish the spongier bone tissue of young ani-

mals from the denser bones of older ones. 

Features similar to the growth rings in tree 

trunks can also highlight whether a dinosaur 

was a juvenile or an adult. Many research-

ers have shied away from bone histology to 

avoid spoiling specimens, Currie says, but 

modern techniques that use minute samples 

make such fears unfounded.

UFR also calls for rigorous analysis to 

establish both the place and the age of the 

rocks in which a fossil was found. Early 

in their development, Horner explains, the 

skulls of young dinosaurs may resemble 

the relatively unspecialized skulls of prim-

itive ancestral species. To avoid confusion, 

paleon tologists must know precisely where 

a specimen came from, how it appeared 

while still encased in rock, and which level 

it occupied in a geologic formation.

Using this painstaking approach, Horner 

and other researchers have concluded that 

several dinosaurs long considered to repre-

sent different species could be the same ani-

mal. Nanotyrannus, whose fi rst fossils were 

unearthed in the 1940s, could be a young 

Tyrannosaurus rex; Dracorex and Stygi-

moloch could be the same beast as Pachy-

cephalosaurus; Torosaurus may be an adult 

Triceratops. Not everyone accepts all of 

those reclassifi cations, but they are gaining 

attention. And many more are likely to fol-

low after Horner unveils his complete UFR 

program. He hopes to present it at SVP’s 

annual meeting this November. “The pro-

posals by Horner are very important as a 

reminder of a problem paleontologists are 

aware of,” Benton says, “but we still don’t 

know if it will provide a 100% watertight 

solution that means we will never make mis-

takes about dinosaur species ever again.”

–LAURA MARGOTTINI

Laura Margottini is a freelance writer based in Rome.

Family reunion. Pint-sized 

Nanotyrannus, long classed 

as a miniature relative of 

Tyrannosaurus, may in fact 

be a juvenile member of the 

same species.

Hit man. John Horner urges his fellow paleontologists to 

winnow out misidentifi ed dinosaurs.

Is It Time to Declutter 

The Dinosaur Roster?

PA L E O NTO LO G Y

NEWS&ANALYSIS

*La settimana di Jack Horner, 11–15 April 2011.
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When Tara O’Toole took over as under-
secretary of science and technology at the 
U.S. Department of Homeland Security 
(DHS) in November 2009, she knew it was 
among the least enviable jobs in federal sci-
ence administration. 

Since its inception in 2002, the depart-
ment’s science and technology directorate 
has been something of a black sheep among 
government science agencies. Congress has 
repeatedly criticized it for failing to set priori-
ties for itself and failing to provide adequate 
support and tools for border protection, cargo 
screening, airport security, and other home-
land security missions. University researchers 
have complained that the directorate has given 
short shrift to basic research. The budget for 
the directorate’s Office of University Pro-
grams, through which DHS funds 13 research 
centers at universities and national labs, has 
declined steadily from $70 million in 2004 to 
$40 million in 2011, refl ecting an antipathy 
toward basic research among agency offi cials 
and congressional overseers. The directorate’s 
overall budget is $686 million. 

A physician and public health expert who 
worked in government before founding the 
Center for Biosecurity at the University of 
Pittsburgh in 2003, O’Toole is the fi rst aca-
demic to lead the directorate; previous heads 
were former military and industry offi cials. 
O’Toole spoke to Science recently about her 
efforts to boost S&T’s role in making the coun-
try more secure. The questions and remarks 
have been edited for brevity and clarity. 

–YUDHIJIT BHATTACHARJEE 

Q: The directorate has come under a lot of 
criticism from Congress over the years. How 
are you responding?  
T.O’T.: We’re putting a very fi erce focus on 
getting technologies into the field in the 
next couple of years [to help the different 
branches of DHS such as Customs and Bor-
der Protection and the Transportation Secu-
rity Administration (TSA)]. We are going to 
go looking at technologies that are already 
in late-stage development, whether it’s in the 
private sector or universities. … We’re going 
to do this in a much more effi cient, turbo-
charged way than before. 

Q: DHS’s support for university research has 
declined. Does basic research have a role in 
your scheme? 

T.O’T.: Absolutely. We are going to do basic 
research in some fields that are unique 
to DHS, like the detection of very small 
amounts of homemade explosives that ter-
rorists want to use. … But our big emphasis 
is on transitioning technologies to use.

 Q: You’ve stated that you want to enhance 
the directorate’s analytic function. Can you 
give me an example of what you’re doing? 
T.O’T.: Last spring, Customs and Border 
Protection wanted to know how to proceed 
with technologies that they were deploying 
across the southern border [to prevent ille-
gal immigration]. And we helped them think 
through what worked and what didn’t. You 
couldn’t have a one-size-fi ts-all technology 
for the whole southern border, which varies 
tremendously geographically. Our analysis 
factored heavily into their decision not to go 
forward with an electronic fence but instead 
use that in certain segments and be more 
fl exible elsewhere.

Q: There have been questions about the sci-
entifi c validity of TSA’s behavioral screening 
program at airports [known as Screening of 
Passengers by Observation Techniques or 
SPOT]. Has the directorate evaluated it? 
T.O’T.: We have tested it, and yes, it was 
validated. There’s no question that using 
the SPOT program compared to random-
ized screening of people is more effective. 
We picked up more illegal contraband, more 
false documents, and there were more law-
enforcement arrests.

Q: What other changes are you making to 
make the directorate more effective? 
T.O’T.: We’re already active in testing and 
evaluations at the back end of acquisitions: 
cargo scanners, Coast Guard boats, sensors, 
lots of stuff. But the testing is only as good 
as the requirements set in the fi rst instance. 
If those aren’t rigorous enough, you won’t 
get what you’re hoping for. What we want 
to do is help our [branches] think through 
what they might do in developing technical 
requirements so that we don’t get all the way 
down this long acquisition process and fi nd 
out that what we got didn’t fi t, doesn’t work, 
isn’t what we needed in the fi rst place.
 
Q: Has that been a problem? 
T.O’T.: Yes. One of the old examples is the 
puffers that TSA bought, which worked great 
in the lab trying to detect explosives via trace 
detection. When you got them in an airport, 
they required a lot of maintenance, largely 
because they were sucking in dirty air which 
was messing up the mechanisms.

Q: You’ve said biological threats are a pri-
ority. What’s your response to those who 
accuse you and other biodefense advocates 
of fear mongering?  
T.O’T.: I strongly disagree. There’s absolutely 
no doubt that Al-Qaeda has pursued bio-
logical weapons and said they’ll use them. 
There’s absolutely no doubt on a scientifi c, 
analytical basis that a biological weapon 
could have very bad consequences. The 
threat and our need to defend against it is 
going to grow as the science advances. 

I think asking whether we need x or y 
number of biodefense labs is perfectly 
legitimate. But I do think that a lot of the 
complaints from the scientifi c community 
about the proliferation of BSL-4 [biosecu-
rity level 4] labs is really rice bowl politics. 
I think there have been erroneous myths 
propagated that biodefense took away 
money from basic research at the NIH. That 
is not true. 

Homeland Security Science Chief 
Aims to Put House in Order

N E W S M A K E R  I NT E RV I E W:  TA R A  O ’ TO O L E

“ But I do think that a lot of the 

complaints from the scientifi c 

community about the prolif-

eration of [biosecurity] labs is 

really rice bowl politics.” 
—TARA O’TOOLE, DHS
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IN MAY 1995, AFTER LEARNING THAT A FORMER PARTNER HAD

become infected with HIV, Timothy Ray Brown, then 29, decided 

he should take the test himself. Brown, an American living in Ber-

lin and working as a translator, felt perfectly healthy, had not had 

sex with his former partner in years, and 5 years earlier had tested 

negative. “It was a bit of a shock,” Brown says, when he found he 

was infected.

At the time, HIV was seen as a death sentence. AZT and two 

other antiretroviral drugs (ARVs) had come to market, but the pills 

typically delayed death from AIDS for only a few years. The dam-

age to Brown’s immune system wasn’t yet life-threatening: His CD4 

count, which refers to the white blood cells that HIV destroys, had 

dropped to under 400 cells per microliter. (Normal is 600 to 1200.) 

But his doctor recommended immediate treatment, and Brown 

started taking AZT.

Within a year, cocktails of new ARVs proved so effective that an 

HIV infection became a chronic disease. Brown changed regimens 

repeatedly to take advantage of the advances, but he suffered from 

many side effects, from headaches and night sweats to diarrhea and 

vomiting. In 2000, his doctor suggested he take a break and stop 

all medication.

By 2002, Brown’s CD4 level had plummeted to 250, 50 shy of 

an AIDS diagnosis, which indicates that a person’s immune system 

can no longer contain otherwise harmless opportunistic infections. 

He started treatment again, easily tolerating a cocktail of new-

generation ARVs. The amount of virus in his blood, the so-called 

viral load, dropped to an undetectable level on the most sensitive 

test available.

Four years later, Brown, then 40, received a second devastating 

diagnosis: He had developed acute myeloid leukemia, a highly lethal 

cancer, unrelated to HIV. Because of the complexity of treating leu-

kemia in an HIV-infected patient, his doctor referred him to Campus 

Benjamin Franklin, a large clinic affi liated with the Free University 

of Berlin. Gero Hütter, an oncologist and hematologist, took the case.

Three rounds of chemotherapy caused liver and kidney failure and 

high fevers; Brown became so ill that the hospital put him in the inten-

sive care unit and induced a coma. “While I was in the coma for 16 

hours, they thought I was going to die and told 

my boyfriend they didn’t know if I would make 

it,” Brown says. But he fully recovered. In Sep-

tember 2006, Brown took a monthlong trip to 

Italy and upon his return started working out at 

the gym again. “I was doing fi ne,” he recalls.

Hütter, who has since moved to the Univer-

sity of Heidelberg, warned his patient that leu-

kemia often returns, and that if it did, the next 

line of treatment was a bone marrow transplant 

to replace his stem cells. Then Hütter, who had never treated an HIV-

infected patient before, proposed a radical idea: What if a stem cell 

transplant could eliminate both the leukemia and HIV?

Hütter knew from reading the literature that some rare individu-

als were highly resistant to becoming infected with HIV because of a 

mutation in their CD4 cells. HIV establishes an infection by attaching 

to both the CD4 receptor and a second one on the cell known as CCR5. 

A mutation in the CCR5 gene known as δ32, which causes no obvi-

ous harm, bars the cellular doors to HIV. Hütter suggested to Brown 

The Emerging Race 
To Cure HIV Infections
Timothy Ray Brown’s startling fate has pushed to the front a 

daunting research challenge that long seemed a fool’s errand

NEWSFOCUS

Proof negative. The apparent 
cure of Timothy Ray Brown (left) 

has given momentum to novel 
interventions like the gene therapy 

that Matt Sharp (right) received.

Online
sciencemag.org

Podcast 
interview with 

author Jon Cohen, and 
ScienceLIVE chat with 
NIH’s Anthony Fauci and 
UCSF’s Steven Deeks.
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that if they had to do a transplant, they might as well try to fi nd a δ32 
donor. “I told him we don’t know what will happen, but there might be 
a chance we’ll get rid of the HIV,” Hütter says. 

Brown at fi rst wasn’t interested. “I thought I had got rid of the leu-
kemia because the chemotherapy had worked,” Brown says. “And I 
fi gured that I always had the medication to fall back on for HIV, and 
I could probably take it for 50 years and do OK.” But in early 2007, 
his leukemia relapsed, and he gave Hütter the green light to look for 
a δ32 donor. After screening 62 possibilities for a genetic match that 
Brown’s immune system would tolerate, Hütter found a German man 
living in the United States who had inherited the δ32 mutation from 
both parents. They transplanted Brown in February 2007, a proce-
dure that required fi rst destroying his immune system with drugs. He 
stopped taking his ARVs.

Eleven months later, his leukemia returned again, but his HIV 
remained undetectable. Brown received a second transplant from the 
same donor, this time fi rst ablating his immune system with drugs 
and whole-body irradiation.

Today, Brown remains free of 
leukemia. And although he has 
not taken ARVs for more than 
4 years, the most sophisticated 
labs in the world cannot fi nd any 
HIV in his body

Proof of concept
The AIDS epidemic surfaced 
in June 1981, and the virus has 
since infected more than 60 mil-
lion people, killing half of them. 
Brown, who became widely 
known in the media as the “Ber-
lin patient” after Hütter publicly 
described the case in 2008, is the 
only living human, a growing 
consensus contends, to be cured. 

Since 2008, there’s been 
widespread leeriness about over-
simplifying Brown’s case and hyping the prospect of an AIDS cure. 
And Brown’s treatment clearly does not offer a road map for many 
others. After all, the expensive, complex, and risky transplant only 
made sense because Brown was dying from leukemia. Nor is it 
clear exactly which components of the extensive transplant regimen 
cleared the virus from his body. 

But Brown’s case has moved the much-ridiculed cure idea onto 
the most scientifi cally solid ground it has yet occupied, say lead-
ing AIDS researchers. Brown’s case showed for the fi rst time that 
it is possible to rid the body of the virus—even from the minuscule 
reservoirs where the virus can hide out for years, evading both the 
immune system and ARVs. His astonishing turnaround also raised 
hopes that other, more practical drugs and immune system modula-
tors might fi nd and destroy every last bit of virus—or at least reduce 
it to such low levels that people no longer need ARVs. 

There are skeptics who say Brown’s virus may still come back. 
At fi rst, even Hütter would not say Brown had been cured, pointing 
out that a cancer patient has to be free of disease for 5 years before 
an oncologist will use that term. But he is increasingly willing to use 
the “c” word, as are other leading researchers.

“Some people pooh-pooh it, but I think it’s a game changer,” says 
James Hoxie, a virologist at the University of Pennsylvania. “It’s put 
the word ‘cure’ in the vocabulary. I don’t care if it’s n = 1. It shows 

that it’s possible.” Steven Deeks, an HIV/AIDS clinician at the Uni-
versity of California (UC), San Francisco, who has put efforts to 
cure the disease on the front burner, says, “A lot of people were inter-
ested in cure research before the Berlin patient, but he is a proof of 
concept. That had a big impact on the fi eld.”

Millions of new dollars are being devoted to what some call “a 
race” to fi nd a cure. The U.S. National Institutes of Health (NIH) 
last November solicited proposals for an $8.5-million-a-year collab-
orative grant to search for a cure, and several high-powered consor-
tia applied. NIH last month added another $4.5 million to the cure 
research pot with the announcement of new grants to develop thera-
pies that will allow people to stop taking ARVs for prolonged peri-
ods. The Bill and Melinda Gates Foundation, the California Institute 
for Regenerative Medicine, and the Foundation for AIDS Research 
has each issued cure-related grants. The push for a cure is further 
intensifi ed by limitations of even the best ARVs and the extraordi-
nary cost of providing them to everyone in need for decades on end. 

Christine Katlama, who 
heads the AIDS clinical research 
unit at the Pitié-Salpêtrière Hos-
pital in Paris, said she hasn’t felt 
this buoyed about the prospects 
of helping HIV-infected peo-
ple since the arrival of powerful 
ARVs—“highly active antiretro-
viral treatment,” or HAART—
15 years ago. “For many of us 
who were for a long time in the 
fi eld of HIV, it’s a very exciting 
time,” she told the 200 attendees 
at the International AIDS Soci-
ety’s fi rst-ever meeting devoted 
to cure research, which was held 
in Vienna last July.

Purging reservoirs
In 1996, Time named AIDS 
researcher David Ho its “Man of 

the Year,” in no small part because he had dared to proclaim that 
HAART might eliminate HIV from a person’s body. Ho, head of the 
Aaron Diamond AIDS Research Center in New York City, calculated 
that given the half-life of immune cells, if HAART completely sup-
pressed the virus for 3.2 years, eradication would likely occur. But 
in the spring of 1997, Robert Siliciano’s group at Johns Hopkins 
University in Baltimore, Maryland, reported a pivotal discovery that 
torpedoed Ho’s simple cure idea. It also introduced a formidable 
challenge to curing the disease that continues to this day. 

Siliciano’s group identifi ed the existence of pools of “resting” 
CD4 cells that harbor HIV in their chromosomes but do not pro-
duce new viruses unless they are called into action. These latently 
infected cells serve as the immune system’s memory and can live for 
years. Siliciano and Ho together published a study in the 14 Novem-
ber 1997 issue of Science (p. 1295) showing that people on HAART 
who had “undetectable” levels of HIV on standard tests for up to 
30 months all had reservoirs of about 1 million latently infected 
cells. Siliciano, his wife Janet, who is also at Johns Hopkins, and 
co-workers later estimated that it would require 72 years of HAART 
to clear those stubborn reservoirs.

As bleak as his assessment was, Siliciano’s discovery pointed 
the way to a new strategy for curing AIDS. He and other investi-
gators reasoned that if they could wake up those resting cells, they 

“ I told him we don’t know 

what will happen, but 

there might be a chance 

we’ll get rid of the HIV.”
—GERO HÜTTER,

UNIVERSITY OF HEIDELBERG

Audacity of hope. At a press conference in November 2008, Hütter 
described his patient’s promising prognosis. 
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would start to divide and force HIV out of hiding. This, theoreti-

cally, would “purge” the reservoir as the production of HIV would 

either kill the cells directly or mark them for immune attack. ARVs 

would mop up any new HIVs before they could infect virgin cells. 

A few groups, including Ho’s, soon tried to purge reservoirs by 

jolting the immune system with agents like the chemical messen-

ger interleukin-2 and a monoclonal antibody. Virologist Douglas 

Richman of UC San Diego says this strategy caused the equiva-

lent of toxic shock syndrome. “They almost killed their patients,” 

Richman says.

They almost killed cure research, too. But with Brown’s suc-

cess and a more refi ned understanding of reservoirs, efforts to purge 

them are again the cornerstone of cure strategies. Several prominent 

research groups have begun experimenting with a variety of dif-

ferent approaches, including using drugs already 

on the market to treat other diseases, tweaking 

immune systems, and engineering gene therapies 

to mimic Brown’s transplant. 

All these early trials are big gambles, and no 

one is expecting to discover a cure anytime soon. 

But with the fi eld’s momentum and better funding, 

hopes are high that progress—which at this point 

would mean simply showing that an intervention 

reduced a latent reservoir by any amount—could 

surface in the next year or two. And luckily for the 

fi eld, there are plenty of HIV-infected people will-

ing to join these cure studies, which often means 

agreeing to highly unusual experimental inter-

ventions and the extremely invasive tests needed 

to assess whether they have had an impact. 

Acute angles
At 8 a.m. one October morning in 2010, a 

researcher dressed in a coat and tie entered the 

apheresis room at the memorial hospital run by 

the University of North Carolina (UNC), Chapel 

Hill. But the man, who is in his mid-50s, had not 

come to study the patients in this room—he was 

one of them. Over the next 4 hours, a machine 

would drain the blood from his body two times, 

10 liters in all, and replace it, separating out bil-

lions of his white blood cells for later analysis. 

The researcher, who asked that his name not be 

used, had joined a unique study at the university 

led by UNC molecular virologist David Margolis 

that hopes to shrink the HIV reservoir.

Four years earlier, the researcher had gone to see his doctor 

after repeated night sweats and a fever spiking to 40˚C. “I told him 

I’d been involved in risky behavior and should be tested for HIV,” 

recalls the man, who is married and has children. The antibody test 

came back negative.

The researcher knew that an HIV infection could take several 

weeks to trigger a detectable antibody response used in the stock 

test, but that the polymerase chain reaction could pluck out the viral 

genetic material itself. He requested a PCR test, which confi rmed that 

an acute HIV infection explained his fl ulike symptoms. “The fi rst 

thing I thought about was suicide, the second thing I thought about 

was suicide, and the third thing I thought about was suicide,” he says. 

Within a month, the man joined a trial at UNC to assess whether 

HAART offered extra benefi ts if people started treatment during 

acute infection. In particular, HIV destroys CD4s in the gut during 

the fi rst few weeks of infection, and evidence suggests that when peo-

ple wait to start HAART—which is standard care—those cells never 

completely return. This in turn causes a chronic state of infl amma-

tion that leads to long-term health problems such as cardiovascular 

disease and diabetes, even in people who have undetectable levels of 

virus while on HAART. 

The UNC team is now following 80 people who started ARVs dur-

ing acute infection, and from that cohort, they have recruited 20 vol-

unteers, including this man, to take part in a cure trial that began in 

March. Margolis and his team reasoned that people treated during the 

acute phase should have smaller pools of latently infected cells than 

those who start HAART later, and the smaller the reservoir, the easier 

it should be to drain. 

The UNC study adds to standard HAART a Merck drug, SAHA, 

already on the market to treat cutaneous T-cell 

lymphoma. In addition to its cancer-fi ghting abili-

ties, SAHA tinkers with the structure of chromo-

somes and kick-starts transcription of DNA (see 

sidebar), which Margolis and others are hoping 

will fl ush latent HIV out of hiding, leading those 

cells down the road to ruin. 

Determining whether SAHA works requires 

an extraordinary commitment from the infected 

researcher and the 19 other participants: These 

otherwise healthy people must repeatedly 

undergo the grueling, time-consuming apheresis 

procedure to quantify their minuscule reservoirs 

and assess whether they have shrunk. “It’s a big 

hassle,” Margolis says. “It’s not like you can take a 

little blood from someone’s arm and know some-

thing. … We’re trying to measure a rare event, and 

to measure a rare event you need a lot of cells.”

Daria Hazuda, vice president of virus and cell 

biology at Merck Research Laboratories in West 

Point, Pennsylvania, shares Margolis’s enthusiasm 

that SAHA might shrink reservoirs. But Hazuda, 

who is part of a collaboration led by Margolis 

that’s bidding for the new NIH cure money, also 

urges people to keep hope in check. “From an 

experimental medicine point of view, that’s a great 

approach,” Hazuda says. “Is that going to be the 

answer by itself? Having worked so many years 

on HIV therapy, it would seem to me a single mol-

ecule to address reservoirs is a bit naïve.”

Multipronged attack
Don Howard, a 47-year-old management consultant in San Fran-

cisco, started on HAART the day after he tested positive in 1996. 

“At some level, I’m a control freak,” says Howard, who is so fi t and 

radiant he could be in advertisements for energy drinks. “The notion 

that I could take something to make it all better was extremely 

appealing.” Now he’s fi rst in line for one of the cure studies getting 

under way at San Francisco General Hospital, where he has been 

Deeks’s patient for 15 years.

Like the UNC group, Deeks and his collaborators hope to purge 

reservoirs with drugs that trigger transcription, but they have several 

other strategies in the works that hit the virus from other angles. The 

trial participants again will come from a group of patients who started 

treatment during acute infection, and no one has been on HAART 

longer than Howard. “It suggests he’s closer to eradication than any-

one in our cohort,” Deeks says. 

“ It’s not like you can 

take a little blood from 

someone’s arm and 

know something. … To 

measure a rare event 

you need a lot of cells.” 
—DAVID MARGOLIS,

UNIVERSITY OF NORTH CAROLINA,

CHAPEL HILL
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Howard’s motivation to join the study has more to do with curios-

ity and a desire to contribute than concern about long-term damage 

from the virus or drugs. “It’s more intellectually interesting than it 

is practically compelling,” he says. Nonetheless, he, too, is willing 

to undergo deep probes of his body to quantify his reservoir. One 

of the most diffi cult challenges researchers face is that reservoirs 

can pool in tissues that are diffi cult to access. Howard has already 

had lymph nodes excised and bone marrow extracted, and he may 

undergo biopsies of his gut, which is home to an estimated 80% of 

the body’s CD4 cells. 

Deeks and his collaborators contend that reservoirs persist by 

different mechanisms, which will require different strategies to 

deplete them. One possibility is that even in people like Howard 

who have undetectable virus 

on HAART, HIV constantly 

replicates at low levels, cre-

ating new latently infected 

cells and perpetually refi lling 

reservoirs. Adding another 

powerful ARV to the HAART 

cocktail, then, might shut 

down that production. 

Although several “inten-

sifi cation” studies have failed 

to detect any impact on HIV, 

Deeks remains convinced that 

the approach shows promise. 

“You can’t cure people by get-

ting rid of low-level replica-

tion, but if you want to cure 

people, you have to get rid of 

it,” Deeks says. He also points 

to an intensif ication study 

reported in the April 2010 

issue of Nature Medicine that 

found hints of an effect. Led 

by Maria Buzón of the Auton-

omous University of Barce-

lona in Spain, the study has 

sparked debate and divided 

Deeks and his like-minded 

colleagues from Margolis, 

Siliciano, Richman, and many 

others who are convinced that standard HAART has reached the lim-

its of what ARVs can do.

After upping the subjects’ ARVs, Deeks’s team plans to begin 

testing the drug disulfi ram, also known as Antabuse, which is on 

the market to treat alcoholism. Siliciano’s lab recently discovered 

in test-tube experiments that disulfi ram, like SAHA that Margolis is 

testing, turns on HIV transcription in latently infected cells, although 

the mechanism is not clear.

Triggering transcription with drugs like disulfi ram or SAHA car-

ries risks, especially when tested in healthy people like Howard. On 

top of the direct toxicities of the drugs, Eric Verdin, a virologist at the 

Gladstone Institute of Virology and Immunology and one of Deeks’s 

collaborators, cautions that inducing transcription could stir endog-

enous retroviruses from their slumber. These remnants of ancient 

infections constitute 8% of the human genome, and no one knows 

what havoc they might wreak. “A lot of mechanisms used to sup-

press endogenous retroviruses are the same mechanisms that sup-

press HIV,” Verdin says.

In a completely different tack, Deeks’s group wants to tweak the 

immune system to help cure people. One strategy aims to purge res-

ervoirs by hijacking an immune actor with the macabre name pro-

grammed death 1 (PD-1). This receptor on the surface of CD4 cells 

helps slam the brakes on cell division, maintaining the latent state. 

A test-tube study presented at the 2011 Conference on Retroviruses 

and Opportunistic Infections (CROI) by two of Deeks’s collabora-

tors, virologist Nicolas Chomont and immunologist Rafi ck-Pierre 

Sékaly of the Vaccine & Gene Therapy Institute of Florida in Port 

St. Lucie, showed that when they blocked the PD-1 receptor with an 

antibody, the cells coughed up gobs of HIV.

Another approach assumes that purge strategies will not eradi-

cate HIV but that shrinking reservoirs in combination with fortify-

ing the immune system could lead to a “functional” cure that allows 

people to stop ARVs. “There might be a threshold level where the 

immune system is able to contain the virus,” Verdin says. To that end, 

the group has joined the multisite Eramune trial (see table, p. 789), 

which pairs intensifi cation with an HIV vaccine made by NIH. 

Designer genes
In a clinical sense, Matt Sharp differs in several ways from Howard 

and the HIV-infected researcher in North Carolina. “I’ve been through 

the ringer and knocked on death’s door,” says Sharp, 54, an HIV/AIDS 

educator who lives in Brisbane, near San Francisco. His face is sunken 

from lipodystrophy, a side effect of the fi rst-generation anti-HIV 

drugs. For many years, HIV outwitted his drugs and the virus battered 

his immune system. He has had two hospital stays because of severe 

pneumonia and has also battled bouts of tuberculosis (TB) and wast-

ing disease. But he, too, is taking part in pathbreaking cure studies.

Sharp, who works with the San Francisco–based advocacy group 

Project Inform, learned of his HIV infection in October 1988 when 

he was a ballet dancer in Oklahoma City. “Who knows when I was 

infected,” he says. “We all were having unsafe sex because we didn’t 

know any better. Those were back in the days you’d get a sexually 

transmitted disease and get a shot and you were back into the mix of 

things the next few days. There wasn’t any consideration of death, so 

we didn’t take it that seriously.” His initial CD4 count: 409. “It scared 

the hell out of me,” he says.

Despite starting treatment a year after he tested positive, in 1991 

Sharp developed extrapulmonary TB, a dangerous form of the dis-

ease linked to HIV. He moved to San Francisco and plugged in 

with activist groups that kept him abreast of treatment advances, 

and as new ARVs became available, he changed his regimen repeat-

edly. Yet by the mid-1990s, his 6-foot-tall frame had withered from 

185 pounds to 155. In 1996, Sharp’s CD4 cells dropped to as low as 

15. After quickly developing resistance to the protease inhibitors that 

then formed the cornerstone of HAART, he joined a highly uncon-

ventional trial and received a thymus transplant, which putatively 

would rebuild his immune system. “It wasn’t anything that probably 

helped,” he says.

In 2001, Sharp became one of a small group of people to take 

injections of Fuzeon, the fi rst drug to come to market that jams the 

HIV entry process. “It was very painful, but I was willing to do it 

because I had no options,” he says. His viral load became undetect-

able for the fi rst time. His good fortune lasted all of 1 week. Five 

years ago, he added raltegravir to his regimen, and his HIV has sub-

sequently remained undetectable with a CD4 count hovering around 

300. “It isn’t great, but it got me out of the danger zone,” he says.

Last June, Sharp joined one of two gene therapy studies now under 

way that tries to mimic Brown’s success in relatively healthy HIV-

infected people. The small trial, led by Jacob Lalezari of Quest Clinical C
R

E
D

IT
: 
B

IL
L
 B

E
R

R
Y

“ You can’t cure people by 

getting rid of low-level 

replication, but if you 

want to cure people, you 

have to get rid of it.”
—STEVEN DEEKS,

UNIVERSITY OF CALIFORNIA,

SAN FRANCISCO
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Research in San Francisco and Ronald Mitsuyasu at UC Los Angeles, 
sidesteps the need to fi nd an immunologically matched donor who has 
the CCR5 mutant and does not use ablation. Sharp, known as patient 
01-203, and eight other participants fi rst went through leukapheresis 
to remove about 10 million of their CD4 cells, which the research-
ers then modifi ed with adenoviruses engineered to contain what are 
known as zinc-fi nger nucleases. Developed by Sangamo BioScience 
in Richmond, California, the zinc-fi nger nucleases clip out a specifi c 
small sequence of DNA in the CCR5 gene, rendering cells incapable 
of producing a functioning version of the receptor.

After expanding the cells in culture, the researchers in September 
infused Sharp with about 2 billion of his own rejiggered CD4s. Sharp 
sat in the audience at the 2011 CROI when Lalezari revealed early 
results from patient 01-203 and fi ve others. “There are a lot of unan-
swered questions, obviously, but 
it was incredibly exciting to see 
my data points,” Sharp says.

As Lalezari explained, the 
gene therapy modif ied only 
about 25% of the cells that they 
infused, but the CCR5 mutants 
persisted in Sharp and four of the 
others for more than 3 months. 
Rectal biopsies showed that the 
modifi ed cells had traffi cked to 
the gut, indicating that they had 
spread to this critical viral hang-
out. CD4 counts jumped an aver-
age of 100 cells. There were no 
serious, lasting side effects.

This does not come close to a 
cure. As Lalezari noted, the frac-
tion of modifi ed CD4s eventually 
dropped to just over 5%, in con-
trast to Brown, who had 100% 
of his CD4 cells destroyed and 
replaced with CCR5 mutants. 
Lalezari cautiously concluded 
that the therapy ultimately “offers 
the hope of providing a protected 
reservoir of CD4+ T cells that are 
resistant to HIV infection.”

In a best case scenario, the 
modifi ed cells will copy themselves indefi nitely and evolve into 
the predominant group. If HIV does replicate in people like Sharp 
after they have received the gene therapy, the virus should selec-
tively infect and kill the normal CCR5+ cells, and the population 
of CCR5– mutants would steadily rise. A report in the August 2010 
issue of Nature Biotechnology showed that just such a selection 
occurred in mice engineered to contain a humanlike immune sys-
tem. Led by Paula Cannon of the University of Southern California 
in Los Angeles, the experiment used the same Sangamo zinc fi ngers 
to cripple CCR5. The transplanted mice then received injections 
of HIV, and 12 weeks later, the CCR5– mutants almost completely 
replaced the CCR5+ cells. “And guess what: The virus goes away,” 
says Cannon, who in October 2009 won a $14.5 million grant from 
the California Institute for Regenerative Medicine to take a similar 
approach into the clinic with collaborators at the City of Hope in 
Duarte, California.

Ultimately, transfused patients will have to stop taking ARVs to 
see whether their modifi ed immune systems are strong enough to 

contain the virus. “The great news is we can always put people back 
on ARVs if the gene therapy fails,” Cannon says. “It’s a no harm, no 
foul strategy.”

In a small trial, similar to the Quest study, that’s run by Carl June 
of the University of Pennsylvania, two patients who received the zinc-
fi nger gene therapy went off ARVs, with intriguing results. As June 
reported at the 2011 CROI, HIV returned in both patients, but in one, 
the virus took 10 weeks to surface, a signal that the modifi ed cells 
made life more diffi cult for HIV.

Sharp has no interest in going off his medication. The infusion 
has boosted his CD4s from the dangerously low 281 to the 600 
range—the highest they have been since he was diagnosed 23 years 
ago. He’s quick to point out that it’s unclear whether the CD4s are 
functional and improving his health, but he is convinced that, come 

what may, his contribution will 
help advance this “very sexy 
area of research.” “Those of us 
who have survived this long with 
HIV are able to look back and 
say, ‘Why shouldn’t there be a 
cure?’ ” Sharp says. “I’m so pas-
sionate about this because I want 
to see a cure before I die.”

Beginning of the end
If researchers do eventually fi nd 
a widely applicable cure for HIV, 
the process likely will resemble 
Brown’s rough-and-tumble life, 
which has seen a remarkable 
success set against a backdrop 
of dramatic setbacks. “We are 
really at the very rudimentary 
stages,” says UC San Diego’s 
Douglas Richman. “If there is 
going to be success—and I’m 
optimistic—it’s going to be 1 to 
2 decades.” 

The fi eld will receive a big 
boost in July with NIH injecting 
millions of new dollars to up to 
two collaboratory groups work-
ing on cure research. There’s 

also a high-profi le campaign led by the International AIDS Soci-
ety and its president-elect, Françoise Barré-Sinoussi—who won 
the Nobel Prize for co-discovering HIV—to organize the research 
agenda and then seek more funding. “We are in a period of economic 
crisis, but if we work together, we can do a lot,” Barré-Sinoussi says. 
On the advocacy front, the Philadelphia-based AIDS Policy Project 
is aggressively pushing the agenda, lobbying the U.S. Congress and 
NIH to make cure research a top priority.

Brown, who recently moved to San Francisco, says he initially did 
not imagine his transplant of CCR5 mutant cells would have much 
impact on others. “At fi rst, I was like, nobody can get this, it’s not 
very practical, and I don’t think anybody could use it for curing HIV.” 
But he now sees his singular triumph as having played a catalytic role 
in advancing the once-laughable idea that research could discover a 
cure for this intractable infection, and he’s grateful for the chance to 
give back. “I’d like to be able to continue to tell people about my situ-
ation,” says Brown, who hopes to write a memoir. “It’s a feeling that 
I’m doing some good for the world.” –JON COHEN

Cure-Related Clinical Trials Recruiting Patients

Principal Investigators Sponsors Intervention

Christine Katlama and 

Eramune 01 team

ORVACS, Cytheris, 

Merck, Pfizer

IL-7 + HIV vaccine 

+ intensification

Robert Murphy and 

Eramune 02 team

Northwestern University, 

ORVACS, NIAID, Pfizer, Merck

HIV vaccine + intensification

Steve Deeks, Adriana Andrade UCSF, Johns Hopkins Univ. Dilsulfiram

David Margolis University of North Carolina, 

NIH, Merck

SAHA

Sharon Lewin Merck, Alfred Hospital 

in Melbourne, Australia

SAHA

Joseph Alvarnas, 

Richard Ambinder

NHLBI Cytoablative therapy 

for lymphoma

John Mellors University of Pittsburgh, NCI Chemotherapy for lymphoma

Joseph Lalezari, Ronald 

Mitsuyasu, Isabela Sierra, 

Ana Sizesmore, Winson Tang

Quest Clin. Res., UCLA, Kinder

Med. Grp., Orlando Imm. 

Ctr., Sangamo Biosciences

Autologous CD4s 

w/CCR5- gene

Pablo Tebas, David 

Stein, Carl June

University of Pennsylvania, 

Sangamo 

Autologous CD4s 

w/CCR5- gene

Amrita Krishnan Beckman Res. Inst., City 

of Hope (Duarte, CA), NCI

Autologous stem cells 

w/CCR5- and anti-HIV genes

NIH, NCI, NIAID, NHLBI = U.S. National Institutes of Health and branches

ORVACS = Objectif Recherche Vaccin SIDA

Frank Maldarelli NIAID, NCI
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Twenty-fi ve years ago, when HIV still went by the 
names of HTLV-III and LAV, researchers recognized 
that the AIDS virus could lie dormant inside human 
chromosomes, which they erroneously suggested 
might explain the time lag between infection and 
disease. Today, with reservoirs of latently infected 
cells in the spotlight as the central obstacle to a 
cure (see main text, p. 784), attention is focusing 
on the fi ne details of how HIV does this deep dive 
and stays submerged. “We really need to under-
stand what maintains latency in order to fi gure out 
how to reverse it,” says Douglas Richman, a virol-
ogist at the University of California, San Diego. 
“Right now, it’s sort of coarse guesses.”

HIV, unlike herpesviruses, carries no gene that 
pushes cells into a narcoleptic state. “Latency is not 
a biological property of the virus,” says Eric Ver-
din, who studies HIV dormancy at the Gladstone 
Institute of Virology and Immunology in San Fran-
cisco, California. “Latency only becomes relevant 
because drugs can now suppress 99% of HIV repli-
cation, and that’s what is left.”

HIV typically stumbles into a latent state when 
it infects an actively dividing CD4 white blood cell 
that then downshifts into a “resting” gear. These 
resting CD4s can lounge around for years until they 
are called into action and start dividing, at which 
point the HIV genes will be expressed along with 
the CD4 cell’s own genes. Much effort has gone 
into characterizing the specifi c subsets of memory 
cells that make up the reservoir, as the distinction 
could prove critical to purging them.

Virologist Nicolas Chomont and immunologist 
Rafi ck-Pierre Sékaly of the Vaccine & Gene Ther-
apy Institute of Florida in Port St. Lucie reported 
in the August 2009 issue of Nature Medicine that 
85% of the reservoir consists of two distinct lin-
eages of CD4s known as “transitional” or “cen-
tral” memory cells. This fi nding was hugely infl u-
ential, as it showed that the reservoirs of each 
lineage persist by different mechanisms: Central 
memory cells live for decades, and infected tran-
sitional memory cells persist by cloning them-
selves through a process called homeostatic pro-
liferation. “As we try to get rid of them, we’ll have 
to use different strategies,” Chomont says.

Other researchers have probed the interior of 
cells to better understand how proteins, enzymes, 
and both human and viral DNA all work together 
to keep HIV silent. Chromosomes tightly pack 
DNA, wrapping it around proteins called histones. 
Expression of genes, including those inserted by 
trespassers like HIV, takes place when these com-
plexes uncoil (see illustration). Specifi cally, as DNA 
unspools from histones, protein sherpas guide a 
suite of transcription factors to genes, which then 

make the amino acids that form proteins. The most 
popular purge strategies today aim to selectively 
induce HIV DNA to uncoil.

One potential way to massage histones so they 
let loose and allow transcription to begin: protect 
the acetyl groups that bind to them. Enzymes 
known as histone deacetylases (HDACs) con-
stantly remove these acetyl groups, which helps 
keep HIV latent. SAHA, a purge drug now in clini-
cal studies (see table), inhibits HDACs.

A half-dozen other molecular mechanisms that 
contribute to latency are also possible targets to 
purge reservoirs. DNA methylation gums up his-
tones, so blocking that process may unspool virus. 
Human protein complexes sequester critical tran-
scription factors in different parts of the cell, and 
drugs might free the factors from bondage, allow-
ing them to reach the viral DNA. After transcrip-
tion begins, several other proteins elongate the 
new HIV being expressed, and spurring them along 
could help fl ush latent virus from cells, too. 

Recent advances in laboratory models of 

latency, including artifi cial infection of memory 
CD4 cells and “humanized” mice, are clarifying 
fi ner points of how HIV stays quiescent and iden-
tifying novel purge drugs. “We have incredible 
tools now, and these technologies were not avail-
able 10 years ago,” says Vicente Planelles, a virol-
ogist at the University of Utah in Salt Lake City, 
who developed a new latent cell system.

Just as antiretroviral drugs had little impact 
against HIV until several compounds simulta-
neously attacked the virus at different stages of 
its life cycle, purging reservoirs may ultimately 
require a cocktail of interventions that undoes 
latency from multiple angles. “We have to fi nd 
some combination to tickle the cell and the virus 
such that the virus can be expressed without vastly 
affecting all of the other uninfected cells in the 
body, and that’s going to be tricky,” says David 
Margolis, a virologist at the University of North 
Carolina, Chapel Hill, who has done pioneering 
studies with HDAC inhibitors. “This is going to be 
a long, diffi cult thing to fi gure out.”  –J.C.

RESERVOIR 1

Central Memory:

Latently Infected Long-Lived Cells 

RESERVOIR 2

Transitional Memory: 

Homeostatic Proliferation

IL-7

Resting state

HIV

RNA

HIV

Activated

CD4 cells

INFECTION INTEGRATION

HIV RNA

HIV DNA

Human 
chromosomes 

Histone

HIV

HIV

LATENT HIV

TRANSCRIPTION
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Transcription
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Deep sleep. When HIV infects activated CD4s and integrates with chromosomes, some cells enter 
a resting state. These latently infected central memory cells can live for years. Interleukin-7 can also 
transform them into transitional memory cells that persist by cloning themselves. Purge drugs will likely 
have to attack these reservoirs with different strategies. One approach (inset) aims to kick-start tran-
scription, waking up latently infected cells and triggering their demise.
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LETTERS

Counting India’s Wild 
Tigers Reliably
THE INDIAN GOVERNMENT REPORTED A 16% 
increase in tiger numbers over the past 4 

years (News of the Week, Around the World 

item “Tiger numbers up? Maybe,” 1 April, p. 

18). This implies an average increase of 49% 

in local tiger densities, despite the reported 

range contraction of 22%. Yet these asser-

tions cannot be verifi ed because details of 

tiger photo-captures at sampled locations, as 

well as of spatial extrapolations from these 

data, are incomplete (1–3).  

Reported tiger numbers were based on 

calibrations of tiger sign encounter rates against estimated local tiger densities (2), but the 

recently released values of correlation coeffi cients were much higher than have been reported 

previously (4, 5). Moreover, the extrapolation of tiger numbers to wider regions is reportedly 

based on standard methods of sampling and estimation (1), but it is not clear from reports 

(1–3) whether the survey protocols used actually match these standard practices (6, 7).  

A recent global analysis (8) showed that 70% of wild tigers survive in 42 “source popula-

tions” that occupy a mere 6% of remaining habitat. Although such source populations may 

suffer annual losses of more than 20%, studies of tiger population dynamics show that high 

recruitment rates compensate for these losses when there is adequate prey and protection (9, 

10). Therefore, future efforts to reverse tiger declines must focus on reliably monitoring tiger 

numbers, as well as survival and recruitment rates, in these threatened source populations. 

There is a scientifi c consensus that monitoring should be conducted annually—within 30 to 

45 days to avoid population fl uctuations—and cover an area of more than 500 km2, at inten-

sities of more than 500 trap-nights per 100 km2 (11). 

The monitoring protocol for India’s national animal requires a major overhaul if it is to 

generate transparent, reliable measures of tiger conservation successes (or failures) in the 

future. K. ULLAS KARANTH,1,2* ARJUN M. GOPALASWAMY,1,3 N. SAMBA KUMAR,1,4 MOHAN DELAMPADY,5 

JAMES D. NICHOLS,6 JOHN SEIDENSTICKER,7 BARRY R. NOON,8 STUART L. PIMM9
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versity of Oxford, Tubney, Abingdon, OX13 5QL, UK. 4Wildlife Conservation Society–India Program, Bangalore, 560 070, India. 
5Statistics and Mathematics Unit, Indian Statistical Institute, Bangalore Centre, Bangalore, 560059, India. 6Patuxent Wildlife 
Research Center, U.S. Geological Survey, Laurel, MD 20708–4017, USA. 7Smithsonian Conservation Biology Institute, National 
Zoological Park, Washington, DC 20013–7012, USA. 8Department of Fish, Wildlife, and Conservation Biology, Colorado State 
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Practical Implications 

of Test Anxiety Tools

IN THEIR REPORT “WRITING ABOUT TESTING 

worries boosts exam performance in the 

classroom” (Reports, 14 January, p. 211), 

G. Ramirez and S. L. Beilock showed that 

letting students write about their worries 

for 10 minutes before an exam substantially 

diminishes the link between test anxiety and 

test performance. Their second study rep-

licates and extends our previous work, in 

which we showed that letting students write 

down attributes of successful problem-

solvers for 10 minutes diminishes the rela-

tionship between cognitive test anxiety and 

test performance (1). 

We differ regarding the theoretical 

interpretation of the relationship and the 

resulting practical implications. Although 

Ramirez and Beilock’s intervention is not 

identical to ours, the fundamental mecha-

nisms are similar. Ramirez and Beilock 

argue that the effect is mediated by a state 

of worry during the test situation, but they 

did not test this proposition. In one of our 

investigations, we tested this idea and found 

no support. Instead, we found cognitive test 

anxiety to affect situational task engage-

ment: Students who have high cognitive test 

anxiety do not engage in the task because 

they underestimate their probability for suc-

cess and consequently do not fully engage 

in solving the problems at hand. This idea 

Published by AAAS
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is in line with engagement-disengagement 

theories (2). An implication of applying 

engagement-disengagement theories is that 

the performance of students with low cogni-

tive test anxiety should suffer from priming/

writing interventions. 

We found empirical support for this 

idea (1). Our studies were larger and con-

sequently had more statistical power 

for detecting an effect than the study by 

Ramirez and Beilock. In addition, Ramirez 

and Beilock’s Fig. 3 provides some descrip-

tive indication that the interaction effect in 

the study partly resulted from students with 

low test anxiety performing worse in the 

expressive writing group.

We therefore recommend that priming/

writing interventions should only be used 

after screening recipients for cognitive test 

anxiety. Students with low test anxiety should 

not be the recipients of interventions of 

this type because there is theoretical and 

empirical evidence that their performance 

will suffer.
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Response
CONTRARY TO LANG AND LANG’S ASSERTION 

that the performance of students lower in test 

anxiety was harmed by expressive writing, 

students with lower test anxiety performed 

just as well on their fi nal exams in the writ-

ing and control conditions (Experiments 3 

and 4 in our Report).  

Lang and Lang showed that having stu-

dents imagine a person successful at solv-

ing scientifi c problems and write about the 

qualities of this person (i.e., priming compe-

tence) improved test performance of those 

higher in test anxiety, but harmed test per-

formance of those lower in test anxiety (1). 

Although both our expressive writing 

and Lang and Lang’s competence exercise 

are designed to enhance test performance, 

they are very different interventions. In 

expressive writing, students write about 

their feelings regarding the upcoming test. 

In the competence exercise, students write 

about the qualities of a successful test taker. 

In their study, task engagement explains the 

impact of the competence intervention on the 

test performance of students 

lower and higher in test anxi-

ety. In contrast, we show that 

the extent to which one writes 

about negative thoughts and 

worries accounts for the ben-

efits of expressive writing 

(our Experiment 2). 

Given the different mecha-

nisms, it is not surprising that 

the two interventions affect 

students with lower test anxi-

ety differently. Whereas Lang 

and Lang’s exercise primes 

competence and thus leads 

to less engagement for these 

students, our writing exercise 

need not relate to competence or engagement 

in this way. In support of this idea, in Exper-

iment 1, we had some students expressively 

write before taking a low-pressure math test. 

If expressive writing primes competence, 

which in turn alters task engagement, then 

writing should hurt students’ performance in 

a low-pressure situation. This is because stu-

dents should approach a low-pressure test 

with high self-perceived competence (espe-

cially after succeeding on a similar pretest). 

Thus, priming competence further should 

lead to less effort and worse performance. 

However, we found that writing had no impact 

on low-pressure test performance. 

We suggest that writing allows students to 

express their negative thoughts and worries, 

which reduces the tendency to ruminate dur-

ing the test. This expression is not necessary 

for those in a low-pressure situation or for 

students with lower test anxiety; thus, their 

performance is neither enhanced nor harmed 

by expressive writing.

Lang and Lang do correctly point out that 

we do not provide direct evidence that expres-

sive writing alleviated negative thoughts and 

worries during test performance. However, 

our intervention was guided by previous 

research showing that performance drops in 

high-pressure situations are accounted for 

by negative thoughts and worries (2) and 

that writing about worries alleviates the ten-

dency to ruminate (3). If worries lead to poor 

test performance and writing helps allevi-

ate these worries, then giving students the 

opportunity to express themselves should 

enhance test performance—especially for 

those highest in test anxiety. This is exactly 

what we found. 

Our evidence supports the counterintui-

tive idea that writing about worries benefi ts 

the performance of the most test-anxious 

students without compromising the per-

formance of students lower in test anxiety. 

Thus, we see no need to screen people for 

test anxiety before they engage in expres-

sive writing.
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CORRECTIONS AND CLARIFICATIONS

Reports: “pH-Dependent gating in a FocA formate 
channel” by W. Lü et al. (15 April, p. 352). In addition to his 
affi liation with the Lehrstuhl für Biochemie, Oliver Einsle is 
affi liated with the Center for Biological Signaling Studies 
(BIOSS), Albert-Ludwigs-Universität Freiburg, Hebelstrasse 
25, 79104 Freiburg, Germany. The affi liation has been 
added in the HTML version online.

Cover Caption: (8 April, p. 139). The caption stated that 
a magnet was levitating above a superconducting ceramic 
yttrium barium copper oxide disc, when in fact the disc 
was levitating above the magnet.

Books et al.: “The immortalist” by M. Shermer (1 April, 
p. 40). The title of the review is “The immortalist,” not 
“The immoralist.” Also, in the last sentence of the fourth 
paragraph, “absolutely” should be “absolute.” The HTML 
version online has been corrected.

News & Analysis: “Japan’s research facilities down but not 
out” by D. Normile (25 March, p. 1509). The name of physi-
cist Youhei Morita, KEK’s press officer, was misspelled.

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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   M
orality has long presented diffi cult 

questions to philosophers and oth-

ers. How can we know with any 

certainty what actions are right or wrong 

or which are just or unjust? Can we arrive 

at principles or rules that satisfy all or even 

most of us or that apply across societies? A 

more recent concern is how 

to apply scientifi c research 

to thinking about moral-

ity. Patricia S. Churchland 

takes on this last concern 

in Braintrust. A philoso-

pher (at the University of 

California, San Diego), she 

is interested in drawing on 

advances in neuroscience 

and psychology to under-

stand the origins of morality. She begins with 

the basic question of why humans are even 

concerned with one another. Understand-

ing the answer to that question can help us to 

understand why social values exist and why 

we seem so concerned with moral behavior.

Churchland argues that we are concerned 

about one another because of common neuro-

logical processes that cause us to form social 

bonds. The neuropeptide oxytocin enables 

mothers to bond with their children and, 

beyond that, is part of our seeking to bond 

with others. She argues that oxytocin plays a 

role in mammals providing care to their off-

spring and is also involved in such behaviors 

as grooming and touching those outside of 

their families. Although not entirely under-

stood, it appears that the peptide is associated 

with the release of endogenous opiates so 

that, as she puts it, “Doing good feels good.” 

Experiments with humans link oxytocin 

specifi cally with trusting behavior, which is 

obviously important to forming social bonds. 

Administered through nasal spray, oxytocin 

seems to make people more willing to trust. 

Interestingly, mothers who abuse cocaine 

have lower levels of oxytocin and display less 

maternal bonding. Thus, oxytocin is a prox-

imal reason why humans are interested in 

cooperating with and supporting one another.

This raises the question of whether there 

is a specifi c gene linked to trusting and bond-

ing and, therefore, to moral action itself. As is 

true of much recent work in genetics, the rela-

tion between a gene and a particular psycho-

logical trait is not as direct as one might think. 

A genetic predisposition to higher or lower 

levels of oxytocin must be balanced with sev-

eral other factors, such as other genes and the 

individual’s environment. Churchland argues 

that the genetic predisposition to 

produce higher levels of oxyto-

cin is likely a factor in what we 

would consider trusting or bond-

ing behavior, but it is not entirely 

predictive as it is only one factor 

among many.

Churchland rounds out 

her discussion of our impetus 

to morality with a look at the 

social and environmental fac-

tors encouraging bonding 

and trust. Such behaviors are 

reinforced in society because 

cooperative behavior is essen-

tial to survival. Humans, as 

rational beings, understand 

the importance of trust and 

reciprocity in building mutu-

ally beneficial relationships. 

Recently studied processes 

such as mimicry are also 

important. Studies show that 

people have an unconscious 

tendency to mimic one another 

in personal interactions. This 

strengthens our social glue, 

because identifying with oth-

ers makes trusting them easier.

Importantly, Churchland 

does not go on to promulgate 

moral principles that are based 

on such neurological and psychological pro-

cesses. Rather than advancing a naturalisti-

cally or scientifi cally based moral code, she 

sees science as deepening our understanding 

of the “nature of our sociality” and shedding 

light on our practices and institutions so that 

we “think more wisely about them.” She is 

less interested in specifying moral rules or 

principles. Indeed, she makes rather short 

work of the late John Rawls, the infl uential 

philosopher who formulated principles of 

justice using ideas of rationality and his own 

reading of psychological studies.

The lack of concern with identifying 

overarching moral principles carries over 

into the fi nal chapter, where Churchland dis-

cusses religion and morality. She notes that 

“[p]erhaps life would be a whole lot simpler 

if there were a divine being who could reli-

ably be appealed to for a straight answer on 

moral issues, an answer made clear to all.” 

Unfortunately, lacking such answers, “we 

have no option but to wrestle with diffi cult 

social issues, to hear the other side and to 

heed the differences, to negotiate as wisely 

as we can, to understand the history, and to 

try to foresee future consequences.”

Perhaps the book’s weakest aspect is its 

tendency to dismiss rather too quickly less sci-

entifi c viewpoints of morality (as, for example, 

in the above quote on religion and morality). 

This accords with Churchland’s argument that 

morality does not have a supernatural basis. 

Yet many religious or supernatural views of 

morality are much more subtle and allow 

room for discussion and debate. Indeed, some 

might argue that the neurological processes 

that Churchland discusses complement rather 

than refute some metaphysical explanations. 

This dismissive tendency also colors her dis-

cussions of other moral viewpoints. For exam-

ple, Rawls’s work, so important to the fi eld of 

social justice, is discounted with only a few 

observations from his opponents.

Such criticisms aside, Churchland pro-

vides an important service in Braintrust by 

applying recent scientifi c research to moral 

concerns. No doubt debates involving sci-

ence, religion, and philosophy will continue 

without ever reaching conclusions about 

morality that are satisfactory to even the wis-

est in such areas. It helps, though, to under-

stand the scientifi c underpinnings of why we 

are concerned with one another and, beyond 

that, with morality itself.

Our Caring Neurons
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I
n a small but elegant museum on Man-

hattan’s West Side, one finds watchful 

Buddhas, many-limbed goddesses, and 

tapestries depicting religious visions. The 

Rubin Museum is a place where people come 

to learn about Himalayan art, and for three 

months of the year it is also a place where 

people come to learn about the science of the 

human brain.

The museum’s fourth annual Brain-

wave Festival brought heavy hitters from the 

worlds of art and science to explore the theme 

of dreaming. How do we dream? Why? What 

can dreams teach us about who we are? The 

festival investigated these questions through 

a wide-ranging variety of events, from a 

series of workshops linked to the U.S. pre-

miere of Amy Hardie’s award-winning docu-

mentary The Edge of Dreaming to the muse-

um’s fi rst “dream-over,” an adult sleepover 

at the museum that included art meditation 

workshops and personal dream analysis. At 

the heart of the festival was a series of 15 on-

stage conversations between prominent art-

ists and neuroscientists, including evenings 

that paired actress Debra Winger with Rob-

ert Stickgold, puppeteer Roman Paska with 

Rodolfo Llinás, musician Henry Rollins with 

David Eagleman, and painter David Salle 

with Ian McGilchrist.

Arts and the Dreaming 

Mind

NEUROSCIENCE

Tim Requarth 1 and Meehan Crist 2 

1Department of Neuroscience, Columbia University, New 
York, NY 10032, USA. 2The Believer, www.believermag.com. 
       E-mail: trequarth@gmail.com; meehancrist@gmail.com   

These carefully considered pairings 

offered the opportunity for insight through 

unexpected juxtaposition. In their conver-

sation, cognitive neuroscientist Amir Raz 

and writer Nathan Englander compared the 

hyperfocused state of con-

sciousness the author experi-

ences while writing to the state 

of consciousness achieved 

during dreaming. Englander 

likened writing to the sensa-

tion of watching oneself that 

is so common in dreams, and 

Raz speculated that writers 

are experts at achieving this 

unusually dissociated state, in which the brain 

can explore avenues of thought not possible 

during normal attentional states.

Whereas dreaming and creativity offered 

an obvious focus for these conversations, 

many stepped beyond such comfortable 

ground and even eschewed the topic of 

dreaming altogether. 

Best-selling author and 

attorney Scott Turow and 

cognitive neuroscien-

tist Michael Gazzaniga 

engaged in an illuminat-

ing discussion of neuro-

science and the law. How 

does the court define a 

defendant’s mental state 

in a given context, thereby 

ascribing responsibility? 

If a neurological disorder 

is found to underlie psy-

chopathy, does that some-

how absolve a murderer 

of guilt? When, if ever, 

can the death penalty be 

said to have a place in a 

just judicial system? Profound consider-

ations about the notion of brain states and the 

self emerged from these questions.

Some events, however, seem to offer only 

a tenuous association with science. For the 

dream-over, participants signed up to sleep 

under a piece of art and have their potentially 

art-inspired dreams interpreted by a team of 

analysts led by psychiatrist Edward Nerses-

sian. Although it was great fun to spend the 

night in the museum, the evening’s prepara-

tion for dreaming and the morning’s “per-

sonal dream analysis” felt less like a scien-

tifi c endeavor than a creative and amusing 

parlor game.

Nonetheless, most events offered satis-

fyingly robust connections between science 

and art. In her lyrical, autobiographical The 

Edge of Dreaming, Hardie recreates a night-

mare in which her late fi rst husband foretells 

her death in the upcoming year, a “proph-

ecy” that seems even more ominous after she 

develops an ailment that threatens to collapse 

her lungs. Her quest to understand the dream 

eventually leads her to undergo a shamanic 

journey in which she revisits 

the memory of her late hus-

band to “undo” the prophecy. 

Although such a film could 

easily fall into the familiar 

trope of spiritual awakening, 

Hardie takes a more measured 

approach, using the neurosci-

ence of memory and dreaming 

to investigate her experience. 

The fi lm implies that experience is real for the 

brain, whether it is lived, imagined, or dreamt. 

Only by returning the awake brain to the state 

of the dreaming brain, during which her fate-

ful memory was formed, could she alter the 

pathways that had locked it into place. While 

Hardie’s experience clearly remains beyond 

the explanatory grasp of modern neurosci-

ence, there is accumulating evidence that 

brain state affects the properties of mem-

ory formation. Highly emotionally charged 

memories are thought to be consolidated by 

a pathway that involves the amygdala (cen-

tral to fear circuits) instead of the hippocam-

pus (which seems to help consolidate many 

other memories). By recreating her experi-

ence emotionally, Hardie may have gained 

access to such alternative memory formation 

circuits—a strategy commonly employed by 

psychologists treating patients with such dis-

orders as posttraumatic stress disorder.

The Brainwave Festival’s greatest strength 

may lie in its potential to bring together the 

scientifi c and artistic communities. Yet the 

audiences were composed mostly of artis-

tically minded folks curious about science. 

There was a conspicuous lack of scien-

tifi cally minded folks curious about art; at 

most events, the neuroscientist seemed like 

an exotic animal in the room. The question-

and-answer periods were generally thought-

ful and intelligent, but the questions, not 

surprisingly, often refl ected curious but unin-

formed minds grappling with complex sci-

entifi c concepts. If the ever-increasing roster 

of public events that purport to build bridges 

between science and the arts are to be more 

than just glittery bones tossed to a hungry 

crowd, a greater engagement from the sci-

entifi c community is in order. If more sci-

entists engaged with public events such as 

the Brainwave Festival, that could help add 

depth to a widening public conversation—

and help put a face on the abstract and often 

misunderstood endeavor of science.  

Brainwave 2011

Dreams

 Tim McHenry, Producer

Rubin Museum of Art, 

New York, 7 February to 

29 April 2011. 

www.rmanyc.org/brainwave

10.1126/science.1204104

The Edge of Dreaming.
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POLICYFORUM

            E
xpectations are high that the Kyoto 

Protocol, intended to reduce emissions 

of certain greenhouse gases (GHGs), 

will be extended after its first reporting 

period ends in 2012. The mechanisms avail-

able to meet Kyoto targets will likely also be 

extended. But our scientifi c understanding of 

the carbon and methane cycles and the radia-

tive effects of black carbon were less devel-

oped in 1997, when the Kyoto Protocol was 

established, and in 2001, when the Marrakesh 

Accords solidifi ed mechanism details. Before 

entering the second commitment period, 

international policy instruments should be 

both modifi ed to correct internal inconsisten-

cies and updated to refl ect recent scientifi c 

advances. Such advances support changes to 

the protocol’s treatment of short-lived gases, 

such as methane, and the inclusion of black 

carbon within the Kyoto framework.

Developed nations (Annex B nations 

under the Kyoto Protocol) that are able to 

reduce emissions beyond their Kyoto tar-

gets can sell excess reduction credit to other 

Annex B nations through the Emissions Trad-

ing mechanism. Under the Joint Implemen-

tation (JI) mechanism, an Annex B country 

can gain credit by developing an emissions 

reduction project in another Annex B country. 

The Clean Development Mechanism (CDM) 

allows countries to gain credit toward Kyoto 

targets by enabling emission-reducing proj-

ects in developing nations. A major outcome 

of the Cancun 2010 United Nations climate 

conference was the empowering of the Exec-

utive Board of the CDM to accelerate invest-

ment in emission reduction projects in devel-

oping nations. Parties were also encouraged 

to continue efforts aimed at Reducing Emis-

sions from Deforestation and forest Degra-

dation (REDD+ Partnership). It is expected 

that REDD+ negotiations will lead to an addi-

tional Kyoto mechanism.

Black Carbon

Black carbon is soot released into the atmo-

sphere during burning of fossil fuels and bio-

mass. It has a relatively short atmospheric life-

time, only a few days to weeks, as it is effec-

tively scavenged by precipitation. However, 

black carbon is very effective at absorbing 

incoming solar radiation. In terms of radia-

tive forcing (which describes an imbalance 

between incoming and outgoing radiation), 

black carbon is the next biggest player in 

global warming behind CO2 ( 1). Black carbon 

is primarily released in developing nations 

during deforestation and the ineffi cient com-

bustion of fossil fuels (see the fi gure). 

Amending the Kyoto Protocol to include 

black carbon as a regulated substance would 

be beneficial for several reasons. First, it 

would allow developing nations a relatively 

straightforward means of participating in 

second-reporting-period emissions reduction 

through more effi cient burning of fossil fuels 

and reduction or elimination of deforestation. 

Second, air quality would be improved. Third, 

an additional area of potential projects would 

exist under the CDM. Finally, the benefi ts of 

reducing black carbon emissions are real-

ized almost immediately owing to its short 

atmospheric lifetime. Measurement, report-

ing, and verifi cation of black carbon would 

fall under current national GHG inventory 

reporting and REDD+.

Methane

Methane is the next biggest contributor to 

global warming after black carbon. It is a 

short-lived GHG with an atmospheric life-

time of about 12 years. In 1995 the global 

warming potential (GWP) of methane was 

estimated to be 21 (that is, 21 times greater 

than CO2) over a 100-year time horizon 

and 56 over 20 years ( 2). The GWP of 21 

was used in the Kyoto Protocol, where it 

has become entrenched within fi rst report-

ing period methodologies. However, up-to-

date estimates are that the methane GWP is 

25 over 100 years and 72 over 20 years ( 3). 

Recent research has demonstrated that these 

new numbers are conservative ( 4).

With the first reporting period ending, 

it is time to update the treatment of meth-

ane and other short-lived GHGs within the 

Kyoto mechanisms. The United Nations 

Environment Programme (UNEP) recently 

released an assessment report pointing out 

that steps taken now to reduce black carbon, 

tropospheric ozone, and methane would have 

immediate and multiple benefi ts for human 

well-being ( 5). Also, in October 2010, the 38 

countries that account for 70% of the global 

anthropogenic methane production launched 

the Global Methane Initiative to work 

together to accelerate methane mitigation 

by implementing national and international 

abatement and emissions avoidance projects.

Unfortunately, barriers have inadver-

tently been put in place for the implementa-

tion of such abatement projects under the JI 

and CDM. For example, the CDM defi nes an 

arbitrary crediting period over which avoided 

methane emissions are calculated and cred-

ited to a project. Projects can use one of two 

options: a single 10-year period or a 7-year 

period that is renewable twice. Although proj-

ects can only earn emission reduction credits 

over these relatively brief periods, a methane 

GWP of 21, refl ecting the 100-year horizon, 

is used. This makes little sense, as the CDM’s 

focus is on short-term emissions avoidance 

and diminishes the viability of projects that 

could afford immediate realization of the 

benefits of methane abatement. To be fair 

and accurate, a GWP of ~72 should be used 

if it is to refl ect the true reduction in warming 

over the 10- to 21-year crediting period. As a 

specifi c example, we consider methane emis-

sions from landfi lls.

Methane from landfi lls contributes an esti-

mated 3 to 4% of total anthropogenic GHG 

emissions ( 6), although this is based on only 

1 year of the anaerobic decomposition pro-

cess that releases methane and can last 100 to 

150 years. This methane contribution would 

be much larger if life-cycle impacts were 

considered. Preventing landfi ll methane from 

reaching the atmosphere is well within the 

capabilities of existing technologies. Unfor-

tunately, under the CDM, cost barriers have 

been inadvertently introduced through issu-

ing too few carbon credits for the resulting 

methane emission avoidance.

Projects that keep waste from entering a 

landfi ll, such as recycling, composting, and 

energy from waste projects, avoid future 

methane emissions over the lifetime of the 

waste (not just the crediting period). Yet these 

are doubly penalized through the application 

of a short crediting period and an outdated 

GWP. If a crediting period of 100 years and, 

Toward the Second Commitment 
Period of the Kyoto Protocol
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Black carbon should be included in the Kyoto 

framework, and treatment of short-lived gases 

like methane should change.
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therefore, appropriate GWP of 25 is applied, 

avoided methane emissions would be prop-

erly accounted for, with the projects receiv-

ing carbon credits that could make them via-

ble. Alternatively, if crediting periods remain 

unchanged, a GWP of ~72 should be used to 

refl ect the shorter time horizon.

Carbon Dioxide

Scientific advances since the adoption of 

the Kyoto Protocol have led to the recogni-

tion that stabilization of atmospheric CO2 at 

any level requires anthropogenic CO2 emis-

sions to go eventually to zero. The actual 

level of stabilization is determined by cumu-

lative anthropogenic emissions ( 7,  8) and is 

independent of the actual pathway of global 

annual emissions. From a policy perspective, 

this has certain advantages. Rather than nego-

tiating CO2 emission reduction targets on a 

nation-by-nation basis, as currently embed-

ded in the Kyoto framework, a future level 

of maximum allowable global temperature 

increase can be chosen. Under the Copenha-

gen Accord, it appears that 2°C above prein-

dustrial levels has already been agreed upon. 

The allowable future cumulative emissions 

required to keep global warming below this 

temperature threshold can then be calculated. 

Determining how such future CO2 emissions 

are partitioned, perhaps under a contraction 

and convergence framework ( 9), could then 

be the subject of international negotiations.

The case for developing parallel pol-

icy initiatives for near- and short-term cli-

mate mitigation ( 10) is compelling. Reduc-

ing anthropogenic CO2 emissions to zero in 

order to stabilize atmospheric temperatures 

is an onerous task. Socioeconomic, cultural, 

and behavioral inertia preclude rapid trans-

formation of global energy systems away 

from dependence on fossil fuel combustion. 

However, gradual reduction of anthropogenic 

CO2 emissions within a cumulative emissions 

framework could allow for a smooth transi-

tion to renewable and zero-emission energy 

systems. Shorter-lived GHGs, such as meth-

ane, or aerosols, such as black carbon, both of 

which have much greater GWPs than CO2 ( 3, 

 11) can then be dealt with separately. Steps 

taken to reduce their emissions would have 

immediate effects on global warming ( 12) 

and would allow time for the turnover of 

existing energy infrastructure ( 13).
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E
arth’s climate is buffered by massive 

oceans of liquid water and by gases, 

such as carbon dioxide (CO2), which 

cycle through the atmosphere and through 

biologic and geologic reservoirs. Mars has 

no oceans to buffer its temperatures, and 

the thin atmosphere (95% CO2) provides 

little thermal buffering. The surface pres-

sure is close to that in equilibrium with solid 

CO2 at Mars’ polar temperatures, and early 

space probes explored whether large CO2-

ice deposits might buffer the atmospheric 

pressure of Mars ( 1). Subsequent investi-

gations found reservoirs of frozen water in 

thick polar layered deposits, but revealed 

only thin perennial deposits of CO2 at the 

south pole (termed “residual cap”) in addi-

tion to the ~30% of atmospheric CO2 that is 

cycled through the seasonal caps. On page 

838 of this issue, Phillips et al. ( 2) report 

the discovery of thick deposits in the south 

polar region that are most likely composed 

of solid CO2 and comparable in mass to the 

present Mars atmosphere.

Interest in the mechanisms of Mars’ cli-

mate comes from its position as the only 

other terrestrial planet with a surface and 

atmosphere comparable to Earth’s and from 

evidence that its climate has changed over 

time scales of billions of 

years, as well as over much 

shorter cycles ( 3). Changes in 

Mars’ orbital and spin charac-

teristics likely force many cli-

mate cycles ( 4). Obliquity, the 

angle between the spin axis 

and the normal to the orbital 

plane, is one such climate 

forcing factor. Its predicted 

variations are particularly 

great for Mars (Earth’s obliq-

uity range is restricted by the 

presence of the Moon). On 

Mars, CO2 buffering is analo-

gous to a laboratory cold fi n-

ger—excess atmospheric gas 

accumulates at the coldest 

spot on the planet. For high 

values of obliquity solar heat-

ing at the poles can exceed 

that on the equator, with a possible shift of 

any buffering deposits, including both water 

and CO2. At the current obliquity (25.2°), the 

poles should act as cold fi ngers and promote 

deposition of more volatile components.

Over time scales of billions of years, Mars 

shows evidence of periods when liquid water 

was available at the surface: morphology 

such as channels and probable standing-water 

deposits, as well as chemical species found 

in sedimentary rocks by the Mars Explora-

tion Rovers ( 5). For time scales of only a few 

million years or less, distinctive stacks of lay-

ered materials at both poles ( 6) have been the 

focus of inquiry into cold-trapped volatiles.

A picture of the materials above this 

stack has emerged, with thin water-ice caps 

at both poles ( 7,  8), covered in the south 

only by a thin residual cap (<15 m) of CO2 

ice. Some of the CO2 residual cap is being 

eroded year to year ( 9). The ongoing erosion 

of the CO2 residual materials raises the ques-

tion of whether the residual cap is likely to 

last for more than a few years, and if it is part 

of a hierarchy of climate cycles. The amount 

of material on this residual cap is only a few 

percent of the mass of atmospheric CO2 

( 10); thus, it is unlikely to be a record of 

changes in the mass of Mars’ atmosphere.

Prior results from SHARAD (Shallow 

Radar, on the Mars Reconnaissance Orbiter) 

and the deeper-penetrating MARSIS (Mars 

Advanced Radar for Subsurface and Iono-

sphere Sounding, from Mars Express) ( 11,  12) 

had revealed the subsurface complexity of the 

polar layered deposits. However, these studies 

gave no indication that the thick polar layered 

deposits were other than water-ice rich. In the 

south polar region, SHARAD ( 2) has revealed 

regions that scatter back extremely small sig-

nals. Termed refl ection-free zones, and unlike 

any other areas on Mars, these regions have 

been interpreted as CO2 ice based on model-

ing the variation of the calculated depths of 

underlying layers; the results are more consis-

tent with radar velocities in CO2 ice than in 

water ice. The geographically varying calcu-

lated thicknesses reach as much as ~700 m, 

but generally are less than 250 m. The 700-m 

value is close to a predicted maximum of ~1 

km based on the expected depth of liquefac-

tion ( 13,  14). The geographical extent of one 

such refl ection-free zone closely matches that 

of an outcropping layer mapped from orbital 

images that has distinctive collapse forms just 

below the thin water-ice–rich material below 

the CO2 residual cap (see the fi gure).

If released into the atmosphere, the mass 

of material in the main refl ec-

tion-free zone would nearly 

double the present surface 

pressure; this tabulation does 

not include all the refl ection-

free zones near the south pole 

( 2). This reservoir implies a 

previous state of Mars’ cli-

mate that had a higher atmo-

spheric pressure and which 

then changed to conditions 

in which a substantial part 

of that atmosphere collapsed 

onto the pole. This possi-

bly happened after the last 

maximal obliquity-driven 

south polar summer heating, 

about 600,000 years ago ( 4), 

although there are predicted 

younger obliquity excursions 

nearly as great.

Mars’ atmosphere at pres-

ent appears to be largely 

vapor-pressure controlled. 

Although the newly found 
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Polar layered deposits: water-ice rich

A complicated cold finger. A schematic of the south polar deposits of Mars. The oldest 
and most voluminous materials are the “polar layered deposits” (PLD), probably water-
ice rich with some admixed dust, up to 3 km in thickness. The CO2 deposits in the newly 
found refl ection-free zones ( 2) occupy several regions within the area of the PLD. Above 
the CO2 deposits is the residual cap, with an upper part of CO2 with varying thicknesses of 
up to ~15 m, and an underlying water–ice rich layer of unknown thickness. The CO2 in the 
refl ection-free zones is apparently dust covered where it is exposed without the residual 
CO2 and water ice residual cap cover.
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CO2 reservoir could nearly double Mars’ 

atmospheric mass, the resulting climate alter-

ations would be modest, and as pointed out 

by Phillips et al., would involve effects of 

dust raising and extent and longevity of sea-

sonal frosts, as well as the enhanced CO2 pres-

sure. These ice reservoirs are not the path to a 

“warm, wet” Mars. Indeed, the limitations of 

the depth of CO2-ice reservoirs ( 13,  14) prob-

ably require that high former CO2 pressures 

needed for much warmer conditions must 

involve carbonate or other rock reservoirs, in 

addition to ice deposits. The new fi ndings of 

large, and possibly multiple, buried CO2 reser-

voirs show how complex a seemingly simple 

cold fi nger system can be. Mars’ cold trapping 

is clearly affected by seasonal kinetics, chang-

ing dust loading of the atmosphere, obliquity 

and other orbital cycles, and longer-term evo-

lution of Mars geology. There is much yet to 

learn about this simple system. The north-

south polar asymmetry is but one example of 

continuing puzzles.
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EVOLUTION
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Mitochondrial mutations infl uence nuclear 

gene expression more in male Drosophila 

than in females.

        A
lthough we often hear of “the human 

genome,” human cells, like all other 

eukaryotic cells, actually contain two 

genomes. The nuclear genome, which gar-

ners most of the attention, is composed of 

the chromosomal DNA within the nucleus 

and encodes tens of thousands of proteins. 

The mitochondrial genome, which is pres-

ent in the organelles that serve as the major 

site of energy production in the cell’s cyto-

plasm, consists of a circular piece of DNA 

that encodes fewer than 20 proteins. The two 

genomes must function together for the cell to 

survive. However, because the two genomes 

differ in their mode of inheritance, their inter-

action may not be completely harmonious. 

On page 845 of this issue, Innocenti et al. ( 1) 

report experimental fi ndings from the fruit 

fl y demonstrating a sex-specifi c breakdown 

of the cooperation between the nuclear and 

mitochondrial genomes. In this case, it is the 

males who get the short end of the stick.

Upon reproduction, both mother and 

father pass half of their nuclear genomes 

to their offspring. An exception is the Y 

chromosome, which is passed only from 

father to son. In contrast, the mitochondrial 

genome is inherited maternally. That is, it 

is passed only from the mother to the off-

spring of both sexes (see the fi gure). Viewed 

from the mitochondrial genome’s perspec-

tive, males are an evolutionary dead end: 

Regardless of the mitochondria’s effect on 

a male’s survival or reproductive success, 

they have no chance to contribute their 

genetic information to the next generation. 

This implies that natural selection will be 

ineffi cient at removing mitochondrial muta-

tions that have a negative impact on male, 

but not female, fi tness ( 2). Thus, mitochon-

drial genomes are expected to harbor more 

mutations that are deleterious to males than 

to females. This phenomenon is referred to 

as the “male mutational load” or, more col-

orfully, “mother’s curse” ( 3).
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Dead-end males. Males are an evolutionary “dead end” for the mitochondrial genome. Although offspring 
(bottom) inherit the nuclear genome from both parents (top), they inherit the mitochondrial genome only 
from the mother. This can lead to the accumulation of mitochondrial mutations that have a deleterious effect 
in males, but not in females. C
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CO2 reservoir could nearly double Mars’ 

atmospheric mass, the resulting climate alter-

ations would be modest, and as pointed out 

by Phillips et al., would involve effects of 

dust raising and extent and longevity of sea-

sonal frosts, as well as the enhanced CO2 pres-

sure. These ice reservoirs are not the path to a 

“warm, wet” Mars. Indeed, the limitations of 

the depth of CO2-ice reservoirs ( 13,  14) prob-

ably require that high former CO2 pressures 

needed for much warmer conditions must 

involve carbonate or other rock reservoirs, in 

addition to ice deposits. The new fi ndings of 

large, and possibly multiple, buried CO2 reser-

voirs show how complex a seemingly simple 

cold fi nger system can be. Mars’ cold trapping 

is clearly affected by seasonal kinetics, chang-

ing dust loading of the atmosphere, obliquity 

and other orbital cycles, and longer-term evo-

lution of Mars geology. There is much yet to 

learn about this simple system. The north-

south polar asymmetry is but one example of 

continuing puzzles.
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The Cost of Being Male

EVOLUTION

John Parsch

Mitochondrial mutations infl uence nuclear 

gene expression more in male Drosophila 

than in females.

        A
lthough we often hear of “the human 

genome,” human cells, like all other 

eukaryotic cells, actually contain two 

genomes. The nuclear genome, which gar-

ners most of the attention, is composed of 

the chromosomal DNA within the nucleus 

and encodes tens of thousands of proteins. 

The mitochondrial genome, which is pres-

ent in the organelles that serve as the major 

site of energy production in the cell’s cyto-

plasm, consists of a circular piece of DNA 

that encodes fewer than 20 proteins. The two 

genomes must function together for the cell to 

survive. However, because the two genomes 

differ in their mode of inheritance, their inter-

action may not be completely harmonious. 

On page 845 of this issue, Innocenti et al. ( 1) 

report experimental fi ndings from the fruit 

fl y demonstrating a sex-specifi c breakdown 

of the cooperation between the nuclear and 

mitochondrial genomes. In this case, it is the 

males who get the short end of the stick.

Upon reproduction, both mother and 

father pass half of their nuclear genomes 

to their offspring. An exception is the Y 

chromosome, which is passed only from 

father to son. In contrast, the mitochondrial 

genome is inherited maternally. That is, it 

is passed only from the mother to the off-

spring of both sexes (see the fi gure). Viewed 

from the mitochondrial genome’s perspec-

tive, males are an evolutionary dead end: 

Regardless of the mitochondria’s effect on 

a male’s survival or reproductive success, 

they have no chance to contribute their 

genetic information to the next generation. 

This implies that natural selection will be 

ineffi cient at removing mitochondrial muta-

tions that have a negative impact on male, 

but not female, fi tness ( 2). Thus, mitochon-

drial genomes are expected to harbor more 

mutations that are deleterious to males than 

to females. This phenomenon is referred to 

as the “male mutational load” or, more col-

orfully, “mother’s curse” ( 3).

Department of Biology II, Ludwig-Maximilians-Universität, 
82152 Planegg-Martinsried, Germany. E-mail: parsch@
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Dead-end males. Males are an evolutionary “dead end” for the mitochondrial genome. Although offspring 
(bottom) inherit the nuclear genome from both parents (top), they inherit the mitochondrial genome only 
from the mother. This can lead to the accumulation of mitochondrial mutations that have a deleterious effect 
in males, but not in females. C
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In their study, Innocenti et al. provide 

direct experimental evidence for an increased 

mitochondrial mutational load affecting gene 

expression levels in male Drosophila. They 

performed careful genetic manipulations to 

create strains of Drosophila that differed only 

in their mitochondrial genomes. They then 

used DNA microarrays to measure differences 

in nuclear gene expression associated with the 

different mitochondrial genomes. They per-

formed their experiments separately on males 

and females. The results were striking: In 

females, exchanging mitochondrial genomes 

altered the expression of only a handful of 

nuclear genes; in contrast, in males, more than 

a thousand genes showed a signifi cant change 

in expression. Assuming that most changes in 

gene expression are deleterious ( 4), this indi-

cates a much greater mutational load in males 

than females. Additional support for this 

interpretation comes from the expression pro-

fi les of the genes that were affected in males. 

There was a signifi cant over-representation of 

male-biased genes (those that are expressed at 

a higher level in males than females) ( 5) and 

genes expressed specifi cally in male repro-

ductive tissues. Furthermore, previous studies 

have shown that the expression level of many 

of the variable genes is associated with male 

reproductive output ( 6).

In addition to providing experimental val-

idation of theoretical predictions, Innocenti 

et al. provide at least a partial explanation 

for the observed difference in gene expres-

sion polymorphism between males and 

females in natural populations of Drosoph-

ila. Previous studies have shown that, in gen-

eral, male-biased genes are more variable in 

expression among individuals than female-

biased genes, and that there is greater gene 

expression polymorphism among males than 

among females ( 7– 9). Because individuals in 

natural populations harbor genetic polymor-

phism within their mitochondrial genomes, 

it is reasonable to assume that this polymor-

phism contributes to the observed variation 

in nuclear gene expression.

Recent studies have shown that another 

genetic element with sex-specifi c inheritance, 

the Y chromosome, also makes a large con-

tribution to gene expression polymorphism 

among males ( 10). Like the mitochondrial 

genome, the Y chromosome encodes very 

few proteins. However, the Y chromosome 

contains a large amount of noncoding DNA 

(known as heterochromatin), and it is this 

heterochromatin that appears to modulate the 

expression of many nuclear genes ( 10,  11). 

Y-chromosomal polymorphism has a dispro-

portionate effect on genes whose products 

localize to the mitochondria ( 11). This raises 

the possibility that the male nuclear genome 

coevolves with the mitochondrial genome 

to alleviate some of the deleterious effects 

caused by mitochondrial mutations.

There are at least two open questions 

regarding the infl uence of the mitochondrial 

genome on nuclear gene expression. The fi rst 

is mechanistic. How does a tiny genome that 

encodes only 13 proteins affect the expression 

of hundreds of nuclear genes in a sex-specifi c 

manner? Thousands of nuclear gene products 

are required for proper mitochondrial func-

tion, but further research is needed to elu-

cidate the complex interactions that under-

lie this ancient symbiosis. The second ques-

tion pertains to the effect of male-deleterious 

mitochondrial mutations in females. Are these 

mutations slightly deleterious, neutral, or even 

benefi cial to females? The effect in females is 

a critical parameter that determines the rate at 

which these mutations will spread in a pop-

ulation. It is also important for extrapolating 

the Drosophila results to other species that 

have much smaller effective population sizes, 

such as mammals. For example, if most of the 

mutations have slightly deleterious effects on 

female fi tness, one would predict a greater 

male mutational load in humans than in Dro-

sophila, because natural selection is expected 

to be less effi cient in humans ( 12).
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Planarian Pluripotency
DEVELOPMENT

Jonathan M. W. Slack

Cellular and molecular details underlying tissue regeneration are revealed in the fl atworm.

          M
any animals can regenerate tails, but 

few can regenerate heads, and how 

they do so is a fascinating problem. 

Tiny fl atworms called planaria have long been 

famous for the ability to regenerate body parts 

( 1– 3) and as such, they are a valuable model 

system for elucidating mechanisms that con-

trol cell and tissue replacement, a process that 

is important for the survival of most organ-

isms. On page 811 of this issue, Wagner et 

al. ( 4) examine the nature of the cells (called 

neoblasts) responsible for regeneration in pla-

naria, and on page 852, Petersen and Reddien 

( 5) reveal more about how the worm decides 

whether to regenerate a head or a tail.

Neoblasts are small undifferentiated cells 

that have long been thought responsible for 

normal growth and regeneration in planar-

ians ( 6). Labeling of DNA synthesis shows 

that they are the only cells in the worm that 

undergo division ( 7). Neoblasts are often 

described as “stem cells,” but unlike mamma-

lian stem cell systems, little is known about 

them. In mammals, a tissue with continu-

ous cell renewal contains a small number of 

stem cells that survive for the lifetime of the 

animal and generate all cell types of the rel-

evant tissue. For example, the hematopoietic 

stem cells of the bone marrow generate all 

the cell types of the blood and immune sys-

tem ( 8,  9). The stem cells are found in special 

niches where the microenvironment main-

tains their self-renewal capability ( 10,  11). 

But most dividing cells of renewal tissues 

are not stem cells, but progenitor cells, which 

have a fi nite potential to divide and are com-

mitted to form one subset of cell types. For 

example, the hematopoietic stem cell gives 

rise to a common lymphocyte progenitor cell, 

and this gives rise to progenitor cells for par-

ticular types of lymphocyte.

Given the lack of knowledge about the 

organization of the neoblast population, the 

question asked by Wagner et al. was simple: 

Are there any cells among the neoblasts that 

are fully pluripotent, or are all neoblasts com-

mitted to form particular subsets of differen-

tiated cell types? The term “pluripotent” gen-

erally denotes the ability to develop into any 

cell type in the body, whereas “multipotent” 
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In their study, Innocenti et al. provide 

direct experimental evidence for an increased 

mitochondrial mutational load affecting gene 

expression levels in male Drosophila. They 

performed careful genetic manipulations to 

create strains of Drosophila that differed only 

in their mitochondrial genomes. They then 

used DNA microarrays to measure differences 

in nuclear gene expression associated with the 

different mitochondrial genomes. They per-

formed their experiments separately on males 

and females. The results were striking: In 

females, exchanging mitochondrial genomes 

altered the expression of only a handful of 

nuclear genes; in contrast, in males, more than 

a thousand genes showed a signifi cant change 

in expression. Assuming that most changes in 

gene expression are deleterious ( 4), this indi-

cates a much greater mutational load in males 

than females. Additional support for this 

interpretation comes from the expression pro-

fi les of the genes that were affected in males. 

There was a signifi cant over-representation of 

male-biased genes (those that are expressed at 

a higher level in males than females) ( 5) and 

genes expressed specifi cally in male repro-

ductive tissues. Furthermore, previous studies 

have shown that the expression level of many 

of the variable genes is associated with male 

reproductive output ( 6).

In addition to providing experimental val-

idation of theoretical predictions, Innocenti 

et al. provide at least a partial explanation 

for the observed difference in gene expres-

sion polymorphism between males and 

females in natural populations of Drosoph-

ila. Previous studies have shown that, in gen-

eral, male-biased genes are more variable in 

expression among individuals than female-

biased genes, and that there is greater gene 

expression polymorphism among males than 

among females ( 7– 9). Because individuals in 

natural populations harbor genetic polymor-

phism within their mitochondrial genomes, 

it is reasonable to assume that this polymor-

phism contributes to the observed variation 

in nuclear gene expression.

Recent studies have shown that another 

genetic element with sex-specifi c inheritance, 

the Y chromosome, also makes a large con-

tribution to gene expression polymorphism 

among males ( 10). Like the mitochondrial 

genome, the Y chromosome encodes very 

few proteins. However, the Y chromosome 

contains a large amount of noncoding DNA 

(known as heterochromatin), and it is this 

heterochromatin that appears to modulate the 

expression of many nuclear genes ( 10,  11). 

Y-chromosomal polymorphism has a dispro-

portionate effect on genes whose products 

localize to the mitochondria ( 11). This raises 

the possibility that the male nuclear genome 

coevolves with the mitochondrial genome 

to alleviate some of the deleterious effects 

caused by mitochondrial mutations.

There are at least two open questions 

regarding the infl uence of the mitochondrial 

genome on nuclear gene expression. The fi rst 

is mechanistic. How does a tiny genome that 

encodes only 13 proteins affect the expression 

of hundreds of nuclear genes in a sex-specifi c 

manner? Thousands of nuclear gene products 

are required for proper mitochondrial func-

tion, but further research is needed to elu-

cidate the complex interactions that under-

lie this ancient symbiosis. The second ques-

tion pertains to the effect of male-deleterious 

mitochondrial mutations in females. Are these 

mutations slightly deleterious, neutral, or even 

benefi cial to females? The effect in females is 

a critical parameter that determines the rate at 

which these mutations will spread in a pop-

ulation. It is also important for extrapolating 

the Drosophila results to other species that 

have much smaller effective population sizes, 

such as mammals. For example, if most of the 

mutations have slightly deleterious effects on 

female fi tness, one would predict a greater 

male mutational load in humans than in Dro-

sophila, because natural selection is expected 

to be less effi cient in humans ( 12).
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Cellular and molecular details underlying tissue regeneration are revealed in the fl atworm.

          M
any animals can regenerate tails, but 

few can regenerate heads, and how 

they do so is a fascinating problem. 

Tiny fl atworms called planaria have long been 

famous for the ability to regenerate body parts 

( 1– 3) and as such, they are a valuable model 

system for elucidating mechanisms that con-

trol cell and tissue replacement, a process that 

is important for the survival of most organ-

isms. On page 811 of this issue, Wagner et 

al. ( 4) examine the nature of the cells (called 

neoblasts) responsible for regeneration in pla-

naria, and on page 852, Petersen and Reddien 

( 5) reveal more about how the worm decides 

whether to regenerate a head or a tail.

Neoblasts are small undifferentiated cells 

that have long been thought responsible for 

normal growth and regeneration in planar-

ians ( 6). Labeling of DNA synthesis shows 

that they are the only cells in the worm that 

undergo division ( 7). Neoblasts are often 

described as “stem cells,” but unlike mamma-

lian stem cell systems, little is known about 

them. In mammals, a tissue with continu-

ous cell renewal contains a small number of 

stem cells that survive for the lifetime of the 

animal and generate all cell types of the rel-

evant tissue. For example, the hematopoietic 

stem cells of the bone marrow generate all 

the cell types of the blood and immune sys-

tem ( 8,  9). The stem cells are found in special 

niches where the microenvironment main-

tains their self-renewal capability ( 10,  11). 

But most dividing cells of renewal tissues 

are not stem cells, but progenitor cells, which 

have a fi nite potential to divide and are com-

mitted to form one subset of cell types. For 

example, the hematopoietic stem cell gives 

rise to a common lymphocyte progenitor cell, 

and this gives rise to progenitor cells for par-

ticular types of lymphocyte.

Given the lack of knowledge about the 

organization of the neoblast population, the 

question asked by Wagner et al. was simple: 

Are there any cells among the neoblasts that 

are fully pluripotent, or are all neoblasts com-

mitted to form particular subsets of differen-

tiated cell types? The term “pluripotent” gen-

erally denotes the ability to develop into any 

cell type in the body, whereas “multipotent” 
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indicates the ability to form more than one 

cell type, usually the few types present in a 

single tissue.

Wagner et al. used two experimental 

approaches. One involved exposing worms to 

lethal doses of radiation that destroy almost 

all the neoblasts. Under such conditions, sim-

ple Poisson statistics enables one to calculate 

the proportion of worms retaining a particular 

number of viable neoblasts. This corresponds 

well with the number of observable neoblast 

cell colonies that grow back in the irradiated 

hosts, which can be identifi ed by a specifi c 

active gene of neoblasts called smedwi-1 

( 12). By labeling newly synthesized DNA 

in actively dividing neoblasts with bromode-

oxyuridine (a DNA precursor) prior to irra-

diation, the authors show that neoblast colo-

nies that arise after irradiation derive from 

formerly dividing cells—that is, from sur-

viving neoblasts, rather than from differenti-

ated cells. Furthermore, each neoblast clone 

generates differentiated cells of several types. 

This demonstrates that the neoblast pool is 

not composed entirely of committed progeni-

tors for individual cell types, but must con-

tain multipotent or pluripotent cells. A similar 

approach in mice has shown that single stem 

cells can generate the various cell types of the 

intestinal epithelium ( 13,  14).

Another method used by Wagner et al. 

involved isolating neoblasts by fl ow cytome-

try from planaria. A single neoblast was then 

injected into a host worm lacking all neoblasts 

(as a consequence of irradiation; see the fi g-

ure). Again, the neoblast-derived clones gave 

rise to several cell types. Seven of 130 single-

cell grafts rescued the lethally irradiated hosts 

to restore complete and viable worms. Three 

of these seven worms displayed repeated 

binary fi ssion to generate new asexual strains 

having the genotype of the donor cell. If one 

neoblast can generate a whole worm, it must 

by defi nition be pluripotent.

The study of Wagner et al. provides the 

fi rst clear evidence that the neoblast popu-

lation contains pluripotent cells. However, 

they raise a whole set of new questions. What 

proportion of the neoblasts are pluripotent in 

situ? It is also not clear whether the pluripo-

tent cells lie within a special niche made up of 

other cell types. What is the structure of the 

hierarchy leading from the pluripotent cells to 

the 30 or so cell types believed to be present 

in a planarian? Consideration of other stem 

cell systems suggests that future progress will 

require more molecular markers to identify 

and fractionate subsets of neoblasts.

If you cut a planarian in half, the two 

pieces will each regrow into a complete worm 

in 4 to 14 days, depending on the species. 

After transection, the local neoblasts must 

decide whether to become a head or a tail. It is 

well established that signaling by the secreted 

factor Wnt, important in many other devel-

opmental systems, including mammals, pro-

motes tail regeneration in planaria, whereas 

inhibitors of Wnt signaling promote head 

regeneration ( 15,  16). Petersen and Reddien 

identifi ed another component of this regen-

eration system. The gene notum, fi rst discov-

ered in the model fruit fl y Drosophila mela-

nogaster, encodes a hydrolase enzyme that 

modifi es a class of cell surface molecule and 

thereby inhibits Wnt signaling. The authors 

show that expression of notum is increased 

in cells near anterior-facing cuts, which will 

form heads, and not in those near posterior-

facing cuts, which will form tails. Inhibition 

of notum activity reduces the frequency of 

head regeneration and shifts the character of 

the anterior regenerate toward “tailness.” In 

addition, it seems that if two neighboring cuts 

are made, notum-positive cells only appear 

next to the posterior cut, suggesting that 

somehow both facets of the anterior cut have 

been inhibited by the proximity of the poste-

rior cut. The study of Petersen and Reddien 

confi rms the importance of the Wnt system 

in controlling head-tail polarity. However, 

understanding regeneration in planaria will 

ultimately require identifi cation of the long-

range polarity system that must exist to ini-

tiate head or tail character after transection.

Although the human body does not face 

the demands of regenerating new body parts, 

it is constantly replacing lost cells, such as 

during wound healing, renewal of the intes-

tinal lining, and replenishment of blood con-

stituents. Stem cells make these processes 

possible, but we are still deciphering the 

underlying cellular, genetic, and molecular 

mechanisms. Now that planarian neoblasts 

appear generally similar in function to mam-

malian pluripotent stem cells, knowledge of 

their basic biological properties may extend 

to their human counterparts and provide 

insights into whether and how stem cells may 

be used as effective therapeutic agents.
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        P
rotein-protein interactions are critical 

for many biological processes, and over 

the past several decades, this impor-

tance has prompted researchers to investi-

gate the physical and chemical bases of pro-

tein binding. How much do we now under-

stand about how proteins interact? Perhaps 

the most rigorous way to answer this question 

is to endeavor to design, at an atomic level of 

detail, such an interaction from scratch. On 

page 816 of this issue, Fleishman et al. ( 1) 

take on this challenge. They used a compu-

tational method that enabled them to design 

two proteins that bind to a preselected sur-

face on an infl uenza virus. This work demon-

strates how far we have come in understand-

ing and being able to predict protein-protein 

interactions, and the technique could prove 

useful for developing biosensors, reagents, 

and more effective drugs.

The basic task in computational protein 

interface design is fi nding low-energy amino 

acid sequences with confi gurations that enable 

them to “dock” with targeted protein surfaces 

( 2,  3). Candidate sequences must have side 

chain and backbone atoms that fi t together 

like a jigsaw puzzle, featuring no overlaps, 

little empty space, and precise chemical com-

plementarity. By designing a protein that 

binds the stem region of infl uenza hemagglu-

tinin—a protein that enables the virus to infect 

a target cell—Fleishman et al. solved an enor-

mously complicated jigsaw puzzle. Instead of 

a large table and hours of free time, however, 

solving their puzzle required cutting-edge 

software developed by ~20 groups worldwide 

( 4) and 100,000 hours of highly parallel com-

puting time. It also involved using a technique 

known as yeast display to screen candidate 

proteins and select those with high binding 

affi nities, as well as x-ray crystallography to 

validate designs.

The primary novelty of this work is the 

use of computational methods to generate 

the high-affi nity binders. Common existing 

approaches involve using animal immune 

systems to generate antibodies, or screening 

large “libraries” of candidate proteins ( 5). 

These two approaches are very powerful for 

many purposes but do not offer precise con-

trol over the binding location or orientation. 

This specifi city is of utmost importance in 

efforts to develop drugs that target fl u’s hem-

agglutinin protein; previous efforts featured 

antibodies that ended up binding to the pro-

tein’s rapidly varying head region ( 6), mak-

ing it harder to prevent acquired resistance. 

By targeting hemagglutinin’s more conserved 

stem region ( 7,  8), researchers may be able 

to develop therapies that are effective against 

many virus subtypes and prevent acquired 

resistance. Fleishman et al. selected a sur-

face patch in the conserved stem region for 

this reason and were successful in design-

ing a protein that bound to the patch with the 

desired orientation.

Previous efforts in computational de novo 

protein interface design yielded binders with 

lower affi nity ( 9,  10) or that did not bind in the 

designed orientation ( 11). What did Fleish-

man et al. do differently to achieve high 

affi nity? One answer is a rapid experimental 

approach for testing designs. By using yeast 

display ( 12), the authors were able to test 73 

designs while limiting time and resources at 

the lab bench. Yeast can perform recombina-
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to design two proteins from scratch that bind 

to the fl u virus.
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Computational challenges ahead. The diversity of protein interface characteristics observed in nature sug-
gests future challenges for computational design. (A) Fleishman et al. designed a hydrophobic helix (purple) 
to bind a hydrophobic groove (gray) with unprecedented accuracy in binding location and orientation. (B) 
The high-affi nity interaction between the bacterial proteins barnase and barstar features a sophisticated 
hydrogen bond network that also includes water molecules. (C) Strand-strand pairings at an interface fea-
ture regular repeats of polar atoms. (D) Imitating an antibody interface that features long loops will require 
precise backbone conformational sampling and scoring methods. Loops provide a rich diversity of backbone 
conformations, such that binding can occur using only tyrosine and serine side chains ( 5). (E) The quaternary 
structure of an antibody is stabilized by a sheet-sheet interface.C
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tion, avoiding gene-cloning steps, and inves-
tigators can obtain initial measures of bind-
ing affi nity while the protein is displayed on 
the yeast surface. This obviates the need to 
individually purify 73 different proteins. And 
after biophysical characterization of the two 
binders, the yeast are then used for a selection 
process called affi nity maturation. The effec-
tiveness of this experimental workfl ow may 
pave the way for future efforts to test compu-
tationally designed protein interactions.

Another possible reason for their achieve-
ment involves the computational design pro-
tocol. Previous modest-affi nity binders were 
developed by focusing first on the place-
ment of the two proteins, and then on high-
resolution all-atom side chain design ( 9,  10). 
Fleishman et al. took a different approach. 
They fi rst focused on all-atom placement of 
disembodied side chains to establish critical 
“hot spot” interactions, and then on docking 
the designed protein to its target. This strat-
egy is reminiscent of a previous approach that 
involved grafting key residues from a known 
interaction onto a new protein scaffold to 
generate a new binding pair ( 13). If there are 
no known hot spot binding motifs, however, 
these hot spot interactions must be designed 
de novo ( 1).

To create tight binders (dissociation con-
stant < 50 nM) from their initial hits (appar-
ent affi nities of >2000 nM and >5000 nM), 
Fleishman et al. performed affi nity maturation 
with yeast display. An examination of the sta-
bilizing mutations suggested ways of improv-
ing their computational methods; for instance, 
the authors concluded that future modeling 
efforts should try to take into account subtle 
movements of sequence backbones, attrac-
tive forces known as long-range electrostat-
ics, and the energy costs associated with pro-
tein interactions (such as the desolvation cost 
for “burying” polar atoms). Optimizing a pro-
tein energy function, however, presents a chal-
lenge, and the insights gained from this single 
study will need to be combined with results 
from other design and modeling studies in 
order to identify robust improvements.

Although Fleishman et al. have produced 
a landmark result, it is evident that computa-
tional protein interface design is not a solved 
problem. Researchers should not be satisfi ed 
with one or a few successes in solving these 
astronomically complex molecular puzzles. 
Each new puzzle is different from the last; for 
example, the region of hemagglutinin targeted 
in this work was hydrophobic and α-helical. 
Will the computational protocol developed by 

Fleishman et al. also be effective for design-
ing binders for polar surface patches, or tar-
geting alternative secondary structures (see 
the fi gure) such as β sheets, strands, or loops? 
Creating many of these interfaces will require 
accurate modeling of protein conformations 
and accurate evaluation of desolvation, elec-
trostatics, and hydrogen bonding.

The endeavor to understand protein inter-
actions will undoubtedly continue for decades 
to come. And the pursuit should remain per-
sistent, as the impacts of rational design and 
manipulation of protein-protein interactions 
can hardly be overstated. 
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Brownian Motion Goes Ballistic

PHYSICS

Peter N. Pusey

Measurements of the Brownian motion of 
particles in air and in water reveal a smooth 
“ballistic” motion at very short times.

        When Einstein explained the ori-
gin of Brownian motion in 1905, 
he described the erratic move-

ment of a microscopic particle driven by the 
thermal motion of liquid molecules as a ran-
dom walk with sharp changes of direction 
between each step ( 1). He realized that this 
picture—the one we seem to see if we watch 
a particle under the microscope—must break 
down if we were to look more closely. A mov-
ing object would require an infi nite force to 
change its speed or direction discontinuously. 
The particle actually moves “ballistically” 
along a smooth trajectory ( 2– 4), as if it were a 
microscopic ocean liner on an erratic course 
(see the fi rst fi gure, panels A and B). It has 
taken more than a century to observe this bal-
listic motion. The studies of Li et al. ( 5) were 
conducted on particles in air; its low viscosity 
allowed ballistic motion to be followed accu-

rately for extended periods and showed that 
a particle’s instantaneous velocities along its 
path obey a statistical distribution consistent 
with thermal motion. Huang et al. ( 6) used 
liquid water; in this higher-density medium, 
the transition from ballistic motion at short 
times to diffusive motion at longer ones could 
be studied in detail.

Einstein estimated ( 2– 4) that a particle of 
diameter 1 µm in water would move for only 
about 0.1 µs over a distance of only about 2 
Å before completely changing its speed and 
direction. The minute magnitudes of these 
estimates led Einstein to conclude that only 
the larger-scale diffusive random walk would 
be observed in practice. The present experi-
ments used technologies undreamed of in 
Einstein’s time. Single particles were held 
in optical traps—radiation pressure prevents 
them from settling under gravity. A fast posi-
tion-sensitive detector ( 7) split the interfer-
ence pattern formed between light scattered 
by the particle and the trapping laser beam 

itself and fed the two parts to two photodi-
ode detectors. Lateral motion of a particle in 
the trap increases the intensity at one detector 
but decreases it at the other. The difference 
between the two signals measures one com-
ponent of the particle’s position. Coupled to 
fast electronics, this system can measure dis-
placements as small as 0.3 Å in time intervals 
as short as 0.01 µs.

In a vacuum, a particle in an optical trap 
would oscillate indefi nitely. Gas molecules 
both dampen the oscillations and intro-
duce random impulses that induce Brown-
ian motion. Li et al. determined the time 
evolution of the position and velocity of a 
3-µm-diameter silica sphere trapped in air 
at about 1/36 of atmospheric pressure (see 
the second fi gure, panel A). The underlying 
oscillatory motion, with a period of about 
300 µs, is evident, as is a degree of random-
ness induced by the gas molecules. Ein-
stein ( 2– 4) estimated the duration of ballis-
tic Brownian motion to be the time τp = m/γ 
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tion, avoiding gene-cloning steps, and inves-
tigators can obtain initial measures of bind-
ing affi nity while the protein is displayed on 
the yeast surface. This obviates the need to 
individually purify 73 different proteins. And 
after biophysical characterization of the two 
binders, the yeast are then used for a selection 
process called affi nity maturation. The effec-
tiveness of this experimental workfl ow may 
pave the way for future efforts to test compu-
tationally designed protein interactions.

Another possible reason for their achieve-
ment involves the computational design pro-
tocol. Previous modest-affi nity binders were 
developed by focusing first on the place-
ment of the two proteins, and then on high-
resolution all-atom side chain design ( 9,  10). 
Fleishman et al. took a different approach. 
They fi rst focused on all-atom placement of 
disembodied side chains to establish critical 
“hot spot” interactions, and then on docking 
the designed protein to its target. This strat-
egy is reminiscent of a previous approach that 
involved grafting key residues from a known 
interaction onto a new protein scaffold to 
generate a new binding pair ( 13). If there are 
no known hot spot binding motifs, however, 
these hot spot interactions must be designed 
de novo ( 1).

To create tight binders (dissociation con-
stant < 50 nM) from their initial hits (appar-
ent affi nities of >2000 nM and >5000 nM), 
Fleishman et al. performed affi nity maturation 
with yeast display. An examination of the sta-
bilizing mutations suggested ways of improv-
ing their computational methods; for instance, 
the authors concluded that future modeling 
efforts should try to take into account subtle 
movements of sequence backbones, attrac-
tive forces known as long-range electrostat-
ics, and the energy costs associated with pro-
tein interactions (such as the desolvation cost 
for “burying” polar atoms). Optimizing a pro-
tein energy function, however, presents a chal-
lenge, and the insights gained from this single 
study will need to be combined with results 
from other design and modeling studies in 
order to identify robust improvements.

Although Fleishman et al. have produced 
a landmark result, it is evident that computa-
tional protein interface design is not a solved 
problem. Researchers should not be satisfi ed 
with one or a few successes in solving these 
astronomically complex molecular puzzles. 
Each new puzzle is different from the last; for 
example, the region of hemagglutinin targeted 
in this work was hydrophobic and α-helical. 
Will the computational protocol developed by 

Fleishman et al. also be effective for design-
ing binders for polar surface patches, or tar-
geting alternative secondary structures (see 
the fi gure) such as β sheets, strands, or loops? 
Creating many of these interfaces will require 
accurate modeling of protein conformations 
and accurate evaluation of desolvation, elec-
trostatics, and hydrogen bonding.

The endeavor to understand protein inter-
actions will undoubtedly continue for decades 
to come. And the pursuit should remain per-
sistent, as the impacts of rational design and 
manipulation of protein-protein interactions 
can hardly be overstated. 
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Measurements of the Brownian motion of 
particles in air and in water reveal a smooth 
“ballistic” motion at very short times.

        When Einstein explained the ori-
gin of Brownian motion in 1905, 
he described the erratic move-

ment of a microscopic particle driven by the 
thermal motion of liquid molecules as a ran-
dom walk with sharp changes of direction 
between each step ( 1). He realized that this 
picture—the one we seem to see if we watch 
a particle under the microscope—must break 
down if we were to look more closely. A mov-
ing object would require an infi nite force to 
change its speed or direction discontinuously. 
The particle actually moves “ballistically” 
along a smooth trajectory ( 2– 4), as if it were a 
microscopic ocean liner on an erratic course 
(see the fi rst fi gure, panels A and B). It has 
taken more than a century to observe this bal-
listic motion. The studies of Li et al. ( 5) were 
conducted on particles in air; its low viscosity 
allowed ballistic motion to be followed accu-

rately for extended periods and showed that 
a particle’s instantaneous velocities along its 
path obey a statistical distribution consistent 
with thermal motion. Huang et al. ( 6) used 
liquid water; in this higher-density medium, 
the transition from ballistic motion at short 
times to diffusive motion at longer ones could 
be studied in detail.

Einstein estimated ( 2– 4) that a particle of 
diameter 1 µm in water would move for only 
about 0.1 µs over a distance of only about 2 
Å before completely changing its speed and 
direction. The minute magnitudes of these 
estimates led Einstein to conclude that only 
the larger-scale diffusive random walk would 
be observed in practice. The present experi-
ments used technologies undreamed of in 
Einstein’s time. Single particles were held 
in optical traps—radiation pressure prevents 
them from settling under gravity. A fast posi-
tion-sensitive detector ( 7) split the interfer-
ence pattern formed between light scattered 
by the particle and the trapping laser beam 

itself and fed the two parts to two photodi-
ode detectors. Lateral motion of a particle in 
the trap increases the intensity at one detector 
but decreases it at the other. The difference 
between the two signals measures one com-
ponent of the particle’s position. Coupled to 
fast electronics, this system can measure dis-
placements as small as 0.3 Å in time intervals 
as short as 0.01 µs.

In a vacuum, a particle in an optical trap 
would oscillate indefi nitely. Gas molecules 
both dampen the oscillations and intro-
duce random impulses that induce Brown-
ian motion. Li et al. determined the time 
evolution of the position and velocity of a 
3-µm-diameter silica sphere trapped in air 
at about 1/36 of atmospheric pressure (see 
the second fi gure, panel A). The underlying 
oscillatory motion, with a period of about 
300 µs, is evident, as is a degree of random-
ness induced by the gas molecules. Ein-
stein ( 2– 4) estimated the duration of ballis-
tic Brownian motion to be the time τp = m/γ 
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over which the particle’s velocity 

would decay through friction with 

the gas (or liquid), if the random 

impulses from its molecules were 

neglected; here m is the particle’s 

mass and γ is its Stokes friction 

coeffi cient that describes drag ( 8, 

 9). For the experiment of Li et 

al., τp ≈ 150 µs, so that random 

changes in the velocity occurred 

on a time scale similar to that 

of the coherent oscillations (the 

motion is underdamped).

Li et al. constructed histograms 

of the instantaneous velocities at 

air pressures of both 1/36 and 1 

atm, where the particle’s velocity 

changed more rapidly (τp ≈ 50 µs). 

These were accurately described 

by the Maxwell-Boltzmann dis-

tribution with a root-mean-square 

(rms) velocity of about 0.42 mm/s, 

in good agreement with the theo-

retical value from equipartition of 

energy for conditions of thermal equilibrium 

[vrms = (kBT/m)½, where kB is the Boltzmann 

constant and T the temperature]. Li et al. also 

showed that the particle’s mean-square dis-

placement (MSD, a measure of average dis-

tance traveled) agreed well with old calcula-

tions of underdamped Brownian motion in a 

harmonic potential ( 10).

In a liquid, the duration of a Brownian 

step, τp ≈ 0.1 µs, is much smaller than the 

natural oscillation period of the trap, making 

the motion strongly overdamped. Although it 

is more diffi cult to access the ballistic regime 

itself, experimental studies in liquids enable 

a detailed examination of the transition from 

ballistic to diffusive motion. Huang et al. 

measured the MSD of a 1-µm-diameter sil-

ica sphere in water ( 11) (see the second fi g-

ure, panel B). At the shortest times (t ≈ 0.01 

to 0.03 µs), the MSD increases as t2 (a line of 

slope 2 in the double logarithmic plot), which 

corresponds to ballistic motion. Between 

roughly 2 µs < t < 20 µs, the particle makes 

many random steps, and the MSD increases 

as t, which is characteristic of diffusion ( 11). 

The particle’s free diffusion is fi nally limited 

by the trapping potential, causing the MSD 

to saturate at t > 100 µs.

For many years after Einstein’s contri-

butions, it was expected that the transition 

from ballistic to diffusive motion would be 

quite sharp, corresponding to an exponen-

tial decay of the particle’s memory of its ear-

lier velocity. However, about 50 years ago, 

hints from computer simulations and theory 

started to suggest a more complex scenario. 

In particular, hydrodynamic vortices in the 

liquid created by the particle’s motion lead 

to memory effects, and the particle’s veloc-

ity decays much more slowly than exponen-

tially, exhibiting a t−3/2 “long-time-tail” ( 12). 

Detailed analysis by Huang et al. of data 

like that shown in the second fi gure, panel 

B, where the ballistic-to-diffusive transition 

spans more than three decades in time, has 

now provided a thorough verifi cation of the 

full, complicated hydrodynamic theory ( 13, 

 14). Although several previous experiments 

had observed the breakdown of the simple 

diffusion picture [e.g., ( 15)], the present stud-

ies extend into the ballistic regime.

What next? Li et al. mention the fascinat-

ing prospect of laser cooling a trapped parti-

cle to a temperature at which quantization of 

the energy of this mesoscopic object could be 

observed ( 16). Huang et al. suggest extending 

their measurements to Brownian motion in 

confi ned regions and heterogeneous media. 

Here, understanding the details of predif-

fusive motion over subnanometer distances 

could well be relevant to some biological pro-

cesses, such as the lock-and-key mechanism 

of enzyme action.
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A B

Timing is everything. (A and B) A particle undergo-
ing Brownian motion is buffeted at random by ther-
mally agitated fl uid molecules, and it follows a tor-
tuous but locally smooth path (black line). It loses 
memory of its speed and direction over the very small 
distance ~L. What an observer actually sees depends 
on the resolution of the position measurement. In the 
case considered by Einstein (A), the particle’s speed 
and direction have changed many times between 
measurements (the red dots), and the observer sees 
a diffusive random walk with uncorrelated steps (the 
blue arrows). Measurements made at shorter time 
intervals (B) resolve the smooth ballistic motion.
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Resolving ballistic motion. (A) Li et al. measured the position and velocity of a 3-µm-diameter silica sphere optically 
trapped in air at about 1/36 of atmospheric pressure. Oscillations in the underdamped motion were randomly perturbed 
by collisions with the gas molecules. (B) Huang et al. measured the mean-square displacement of a 1-µm-diameter silica 
sphere trapped in water, which displayed the slow transition from ballistic to diffusive Brownian motion. Note the remark-
able resolution of the measurement: 0.001 nm2 corresponds to a displacement of 0.3 Å, measured in about 0.02 µs. 
[Panel B adapted from (6)]
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PERSPECTIVES

Walter M. Fitch (1929–2011)

RETROSPECTIVE

William R. Atchley

A meticulous biologist developed fundamental 

tools for the fi eld of molecular evolution.

C
R

E
D

IT
: 
U

.C
. 
R

E
G

E
N

T
S

10.1126/science.1207426

        W
alter Monroe Fitch, founder of the 

fi eld of molecular phylogenetics, 

passed away in Irvine, California, 

on 10 March at the age of 81. He was active 

until the time of his death, just fi nishing a 

book on the creationism-evolution contro-

versy. He strongly promoted the widespread 

teaching of evolution.

Throughout his career, Walter made sub-

stantial contributions to the theory underly-

ing molecular evolutionary change. In the 

1960s and 1970s, he developed computer 

algorithms to infer evolutionary relation-

ships among organisms based on molecular 

data (protein and DNA sequences), as dem-

onstrated in his classic studies on evolution-

ary divergence in cytochrome c. His seminal 

work on molecular homology and estima-

tion of ancestral protein sequences greatly 

facilitated analytical procedures for describ-

ing evolutionary change. He pioneered 

methods to generate branching diagrams or 

“phylogenetic trees” to refl ect the relation-

ships among species based upon similari-

ties and differences in their physical and/or 

genetic characteristics. Fitch’s work had a 

major impact on not only biologists but also 

mathematicians and computer scientists. 

More recently, he published important con-

tributions to understanding the molecular 

evolution of infl uenza virus and HIV.

Walter was the cofounder of the Society 

for Molecular Biology and Evolution and its 

journal Molecular Biology and Evolution. He 

was the society’s fi rst president and editor-in-

chief of the journal for 10 years. The “Walter 

M. Fitch Award” given by the society to the 

most deserving young scientists is a continu-

ing reminder of his legacy.

Walter was born in San Diego, Califor-

nia, on 21 May 1929. He received his A.B. in 

chemistry (1953) and his Ph.D. in biochem-

istry (1958) from the University of Califor-

nia, Berkeley. He was a member of the fac-

ulty of Physiological Chemistry at the Uni-

versity of Wisconsin, Madison, from 1962 

until 1986. He was professor of Biological 

Sciences at the University of Southern Cal-

ifornia from 1986 to 1989, after which he 

was professor of Ecology and Evolution-

ary Biology at the University of Calfornia, 

Irvine until his death.

His many scientifi c accomplishments led 

to multiple academy memberships including 

the United States National Academy of Sci-

ences, the American Academy of Arts and 

Sciences, the Linnean Society of London, 

and the American Philosophical Society. He 

was awarded a number of additional interna-

tional honors and honorary degrees.

Walter had a marvelous 

and very quick mind. He has 

been described as a “tower-

ing intellect.” He delighted 

in discussing intellectu-

ally challenging scientific 

issues, particularly in the 

area of evolution. Given 

more to geometric rather 

than algebraic approaches, 

Walter often resorted to pen-

cil-and-paper solutions to 

understand complex issues, 

particularly for phylogenetic 

problems. I assume that his 

development of parsimony 

and least-squares algo-

rithms for phylogenetic analyses was worked 

out largely by hand.

In projects that Walter and I worked 

on, he was rigorous in his approach to sci-

ence and meticulous in his analyses. His 

sequence evolution studies always involved 

time-consuming hand correction of align-

ments produced by computer algorithms. 

This was done laboriously and painstak-

ingly before any subsequent analyses. Wal-

ter didn’t trust global sequence-alignment 

algorithms and demonstrated to me and 

others many instances in which alignment 

algorithms gave erroneous results. In ways 

such as this, he was a wonderful mentor to 

younger scientists, demonstrating that they 

must be extremely precise with even the 

most fundamental aspects of a project.

Those who knew him were quick to real-

ize that Walter was highly competitive and 

reveled in intellectual jousting with his col-

leagues. He had a sharp mind and was very 

quick on his feet, which made him a formi-

dable intellectual adversary. However, he 

was also very kind and held himself to the 

highest standards. Even in the vitriolic con-

frontations during the infamous “phenetics 

versus cladistics” wars in the 60s and 70s, 

Walter was never verbally or intellectually 

abusive, even when dealing with the most 

obnoxious individuals. At the time, both 

methods were proposed to resolve evolu-

tionary relationships, the former based on 

overall similarity, and the latter, based on 

shared derived characteristics.

Walter loved jazz, humor, fi ne wine, and 

good food. While a student at Berkeley, he 

became interested in the iconoclastic pia-

nist Thelonious Monk 

and tried to play some 

of Monk’s tunes on the 

piano. He always played 

in the key of C, which 

corresponds to the white 

piano keys, because he 

wasn’t sure what to do 

with the black keys. I have 

always suspected that had 

he not become a scien-

tist, he might have studied 

jazz piano.

Walter also loved to 

share jokes and funny sto-

ries, and his involvement 

in practical jokes was 

well known. One of the best-known of the 

practical jokes was actually played on Wal-

ter. While he was away on sabbatical leave, a 

colleague and I fabricated an announcement 

for a seminar by a well-known biochemist 

disproving Fitch’s classic evolutionary work 

on cytochrome c. There were weeks of anxi-

ety for Walter before he learned that he was 

the victim of a hoax.

Walter was an informal person despite his 

international fame as a scientist. One could 

easily see this in his manner of dress. His 

standard uniform was shorts, a T-shirt, and 

flip-flops. He wore this attire to meetings 

with the university higher administration, to 

scientifi c conferences, and just about every-

where he went. Indeed, in January one year, 

he appeared in his “California” attire for the 

2-week-long Manfred Eigen Winter Seminar 

in Klosters, Switzerland. We had to stop on 

the way from the train station to get him prop-

erly clothed so he wouldn’t freeze!

Walter’s methodological and theoretical 

achievements about estimating evolutionary 

relationships among species drove the matu-

ration of the fi eld. He was a great source of 

intellectual stimulation to his colleagues, a 

wonderful mentor to younger scientists, and a 

great friend to many. He will be sorely missed.Department of Genetics, North Carolina State University, 
Raleigh, NC 27695, USA. E-mail: bill@atchleylab.org
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Comparing Photosynthetic and
Photovoltaic Efficiencies and Recognizing
the Potential for Improvement
Robert E. Blankenship,1* David M. Tiede,2* James Barber,3 Gary W. Brudvig,4 Graham Fleming,5

Maria Ghirardi,6 M. R. Gunner,7 Wolfgang Junge,8 David M. Kramer,9 Anastasios Melis,10

Thomas A. Moore,11 Christopher C. Moser,12 Daniel G. Nocera,13 Arthur J. Nozik,14 Donald R. Ort,15

William W. Parson,16 Roger C. Prince,17 Richard T. Sayre18

Comparing photosynthetic and photovoltaic efficiencies is not a simple issue. Although
both processes harvest the energy in sunlight, they operate in distinctly different ways
and produce different types of products: biomass or chemical fuels in the case of
natural photosynthesis and nonstored electrical current in the case of photovoltaics. In order
to find common ground for evaluating energy-conversion efficiency, we compare natural
photosynthesis with present technologies for photovoltaic-driven electrolysis of water to
produce hydrogen. Photovoltaic-driven electrolysis is the more efficient process when
measured on an annual basis, yet short-term yields for photosynthetic conversion
under optimal conditions come within a factor of 2 or 3 of the photovoltaic benchmark.
We consider opportunities in which the frontiers of synthetic biology might be used
to enhance natural photosynthesis for improved solar energy conversion
efficiency.

Sunlight is the most abundant and sustain-
able source of energy available to human-
ity. Earth receives solar energy at the rate

of approximately 120,000 TW (1 TW = 1012 W)
in a highly reliable and distributed fashion. This
vastly exceeds the current annual worldwide

energy consumption rate of ~15 TW and any
conceivable future needs in this century (1–3).
However, sunlight is dilute; the yearly av-
eraged solar power striking the Earth’s surface
is about 170 W per square meter, which varies
depending on geographical location (4). De-
vising methods by which to efficiently capture
and store this energy for societal use is one of
the great challenges of our age. There is general
agreement that no one approach is capable of
solving our energy needs for the future and
that a mix of sustainable technologies will be
required (5 ).

There is considerable confusion, especially
in the popular press, about how to compare the
efficiency of solar energy capture in photovoltaic
devices with a corresponding characteristic of
photosynthetic organisms. The problem hinges
on the different assumptions and conditions un-
derlying the definition of efficiency in each case
(6, 7). To facilitate direct comparisons between
photosynthetic and photovoltaic (PV) systems,
we provide consistent definitions and examine
the major factors that define the efficiencies of
both processes—first considering current tech-
nology, then looking forward to possible strat-
egies for improvements. In all cases, we consider
the efficiency of harvesting the entire solar spec-
trum as a basis for comparison.

We focus exclusively here on conversion ef-
ficiency. However, the total integrated cost of
the systems, including land, water, capital, oper-
ations and maintenance, waste disposal, trans-
mission, transportation and storage, as well as
risks from manufacturing and possible interac-

tions with the food supply and climate change,
must also be considered. Therefore, the technol-
ogy with the highest efficiency may not neces-
sarily be the best choice to implement in a given
situation. Ultimately, a comparison of solar en-
ergy options must come from the perspective
of a complete life-cycle assessment in order to
evaluate the full suite of energy inputs, infra-
structure and renewal requirements, and environ-
mental factors, including greenhouse gas balance.
This is a critical and active area of research for
both photosynthetic and PV systems (8, 9), but
currently there is little consistency in the meth-
ods used. Differences in assumptions about ef-
ficiency terms, life-cycle inventory components,
and systems boundaries create large variations
in the metadata generated from the many con-
comitant efforts.

Comparing Photosynthetic and
Photovoltaic Efficiencies
Efficiency is a concept that is deceptively sim-
ple yet can be elusive for comparisons between
such different systems as living organisms and
photovoltaic cells. The solar conversion effi-
ciency of a PV device can be directly measured
with high accuracy and is usually quoted by re-
searchers and manufacturers in terms of power:
electrical power out (W/cm2) divided by inci-
dent solar irradiance (W/cm2) measured over
the entire solar spectrum. This instantaneous
metric, measured at peak solar intensity, does
not include energy storage and transmission.
In contrast, natural photosynthesis stores energy
in the chemical bonds of its molecular products
and uses much of this energy to sustain and
replicate the organism, typically over a defined
growing season.

A more direct comparison of PV and photo-
synthetic solar energy conversion efficiencies
would consider a process in which PV also
stores energy in chemical bonds. Application of
PV-derived energy to electrolysis of water is a
good choice for this purpose: Existing commercial
electrolyzers afford accurate efficiency bench-
marks, and the free energy needed in order to
split H2O into H2 and O2 (DG° = 1.23 eV) is
essentially equal to the free energy change asso-
ciated with photosynthesis [DG° = 1.24 eV for
CO2 + H2O to (CH2O) + O2, where (CH2O) is
shorthand for carbohydrate].

The power conversion efficiency of present
commercial single-junction (single photosystem)
silicon solar cell modules is typically 18 T 2%
(10). This value pertains to peak solar intensity
(1 kW/m2), with an AM1.5 spectral distribution
or solar zenith angle of 48.2° (sunlight passing
through 1.5 atmospheres). The efficiency of a PV
module changes during the day and through-
out the year because of the changing solar ze-
nith angle, and the PV efficiency averaged
over a 1-year cycle is about 95% of the maxi-
mum AM1.5 value. Modern commercial electro-
lyzers have efficiencies as high as 80% [based

REVIEW

1Departments of Biology and Chemistry, Washington Univer-
sity in St. Louis, St. Louis, MO 63130, USA. 2Chemical Sciences
and Engineering Division, Argonne National Laboratory, Argonne,
IL 60439, USA. 3Division of Molecular Biosciences, Imperial
College London, London SW7 2AZ, UK; Department of Material
Sciences and Engineering, Polytechnic of Turin, 10129 Turin,
Italy. 4Department of Chemistry, Yale University, New Haven,
CT 06520–8107, USA. 5Department of Chemistry, University of
California, Berkeley, and Physical Biosciences Division, Lawrence
Berkeley National Laboratory, Berkeley, CA 94720, USA. 6Bio-
sciences Center, National Renewable Energy Laboratory, Gold-
en, CO 80401, USA. 7Department of Physics, City College of
New York, New York, NY 10031, USA. 8Division of Biophysics,
University of Osnabrück, D-49069 Osnabrück, Germany. 9Bio-
chemistry and Molecular Biology and DOE-Plant Research
Laboratory, Michigan State University, East Lansing, MI 48824,
USA. 10Department of Plant and Microbial Biology, University
of California, Berkeley, Berkeley, CA 94720–3102, USA. 11De-
partment of Chemistry and Biochemistry, Arizona State Uni-
versity, Tempe, AZ 85287–1604, USA. 12Department of
Biochemistry and Biophysics, University of Pennsylvania, Phil-
adelphia, PA 19104, USA. 13Department of Chemistry,
Massachusetts Institute of Technology, Cambridge, MA 02139–
4307, USA. 14National Renewable Energy Laboratory, Golden,
CO 80401, USA; Department of Chemistry and Biochemistry,
University of Colorado, Boulder, CO 80309, USA. 15U.S. De-
partment of Agriculture/Agricultural Research Service, Photosyn-
thesis Research Unit, University of Illinois, Urbana, IL 61801,
USA. 16Department of Biochemistry, University of Washington,
Seattle, WA 98195, USA. 17ExxonMobil Biomedical Sciences,
Annandale, NJ 08801, USA. 18Donald Danforth Plant Science
Center, St. Louis, MO 63132, USA.

*To whom correspondence should be addressed. E-mail:
blankenship@wustl.edu (R.E.B.); tiede@anl.gov (D.M.T.)

www.sciencemag.org SCIENCE VOL 332 13 MAY 2011 805

 o
n 

M
ay

 1
2,

 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/


on heat of combustion of H2 to H2O in liquid
form at atmospheric pressure and 25°C, stan-
dard temperature and pressure (STP) conditions].
Thus, an annual averaged efficiency for solar
water splitting by PV-driven electrolysis would
be about (0.18) × (0.95) × (0.8) ~ 14% (11). This
assumes that there is no mismatch between the
photovoltage generated by the PV array and
the voltage required for electrolysis. Present Si
PV modules arranged in electrical series would
suffer mismatch losses as high as 20 to 30%,
bringing the overall H2O splitting efficiency
down to ~10 to 11%. This constitutes the first
benchmark to compare with the
efficiency of photosynthetic
fuel production. As discussed
below, ongoing research is pro-
viding opportunities to construct
PV devices with considerably
higher efficiencies.

Several different measures
of efficiency have been used
in describing natural photo-
synthesis. The quantum efficiency
is the percentage of absorbed
photons that give rise to stable
photoproducts. Photosynthetic
organisms typically can oper-
ate at nearly 100% quantum effi-
ciency under optimum conditions
(12). For comparison with PV
electrolysis over an annual cycle,
the energy efficiency of photo-
synthesis is a more useful pa-
rameter and is defined as the
energy content (heat of combus-
tion of glucose to CO2 and liq-
uid H2O at STP) of the biomass
that can be harvested annually
divided by the annual solar irra-
diance over the same area. Using
this definition, solar energy con-
version efficiencies for crop plants
in both temperate and tropical
zones typically do not exceed 1% (7, 13), a
value that falls far below the benchmark for
PV-driven electrolysis. Higher 3% annual yields
are reported for microalgae grown in biore-
actors (14).

Short-term (rapid growth phase) efficien-
cies measured during the growing season are
higher, reaching 3.5% for C3 and 4.3% for C4
plants (7 ), and perhaps 5 to 7% for microalgae
in bubbled bioreactors (15). These efficiencies
are measured in the absence of restrictions im-
posed by plant life-cycle regulation or by light
and gas exchange limitations in the case of
algae. Even so, these values fall below the-
oretical limits and ultimately limit the net an-
nual productivity. Most natural photosynthetic
systems store solar energy only during a grow-
ing season; efficiencies measured during that
period must therefore be reduced accordingly
to make valid comparisons on an annual ba-
sis, although the extent of reduction depends

on the type of crop and the environmental
conditions.

Theoretical Limits to Solar
Energy Conversion
Both PV and natural photosynthetic systems
obey the same fundamental laws of thermo-
dynamics, which impose firm upper bounds on
efficiency. There is an extensive literature on
each process dating back over 50 years, and
although the formulations differ substantially,
the overall conclusions are similar. Following
pioneering studies by Duysens (16), many au-

thors have examined the thermodynamics of
photosynthesis, most recently Knox and Parson
(17). Shockley and Queisser pioneered studies
on the maximal efficiency of PV cells (18); a
recent analysis by Hanna and Nozik considers
multiple-junction cells and other modern devel-
opments (19).

The first step in each system’s energy con-
version process is light absorption, which is gov-
erned by quantum mechanics. Figure 1 shows
a reference solar spectrum at the surface of the
Earth, with transmission spectra of a cyanobac-
terium and a silicon cell superimposed. The
radiant energy intercepted by the chlorophyll,
carotenoids, and other accessory pigments in
oxygenic photosynthetic organisms is usually
limited to the visible region of the spectrum
(400 to 700 nm). Photosynthetic organisms thus
access only ~50% of the incident solar energy
(7, 20, 21). The silicon cell has a broader ab-
sorption range, extending from the ultraviolet

(UV) to nearly 1200 nm in the near-infrared
(near-IR).

Thermodynamics furthermore dictates that
not all the energy in each absorbed photon can
be captured for productive use. Figure 2 shows
the relevant energy diagrams. In photosynthetic
organisms, absorption initially creates an excited
state of chlorophyll or an accessory pigment. Al-
though photons with blue wavelengths may be
efficiently absorbed, ultrafast internal conversion
processes relax higher excited states through
release of heat to the energy of the lowest (red-
most) absorption band. Similarly, conventional

semiconductor-based PV cells
can absorb photons with energy
equal to or greater than the band-
gap separating the valence-band
from the conduction-band, but
any photon energy in excess of
the bandgap is lost as heat. Thus,
both systems have a threshold
energy that defines attainable
light absorption, conversion ef-
ficiency, and energy storage
capabilities.

When these considerations
are included in a more detailed
thermodynamic analysis using
the entire solar spectrum, a
single-junction PV system has
a maximal instantaneous power
conversion efficiency of ~32% at
one-sun intensity and an AM1.5
spectral distribution, the so-
called Shockley-Queisser limit
(18). The Shockley-Queisser
treatment is the isothermal equiv-
alent of the Carnot cycle and
assumes that all processes are
reversible (no overpotentials, no
dissipative losses), with the con-
sequence that extracting chem-
ical or electrical work from the
system would be infinitely slow.

In a realistic photoelectrolysis cell based on a
single-threshold semiconductor photoelectrode
(in direct contact with water) that generates hy-
drogen and oxygen at finite rates, the overvoltage
would be finite. At unconcentrated solar inten-
sities, the current density is relatively low (<35
mA cm−2), so that an overvoltage of ~0.15 V is
a reasonable assumption; this would decrease
the maximum Shockley-Queisser efficiency for
a photoelectrolysis cell to ~24% (19).

A theoretical limit of ~ 12% for the effici-
ency of photosynthetic glucose production from
CO2 and water (based on free energy) can be
calculated by considering the chlorophyll band-
edge absorption and the two-photosystem struc-
ture of oxygenic photosynthesis (6, 13). Taking
into account the known losses in light harvest-
ing, overpotentials, and respiration, the maximum
limit to photosynthetic efficiency is reduced to
4.6 and 6.0% for C3 and C4 plants, respectively
(7). Short-term (rapid-growth phase) conversion
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Fig. 1. The photon flux spectrum of solar radiation reaching Earth’s surface (plotted
in black) (66) and the transmission spectra of a natural photosynthetic organism,
the cyanobacterium Synechocystis PCC 6803 (green dot-dashed line) and of crys-
talline silicon [red dashed line, redrawn with permission from (67)]. The transmis-
sion spectra show that both the cyanobacteria and silicon absorb almost all photons
at shorter wavelengths above the threshold energy but transmit photons at longer
wavelengths below the threshold energy. The cyanobacterial sample has a window of
transmission in the green region of the spectrum that causes the culture to appear
green. The cyanobacterial sample had an absorbance of 3.4 at 678 nm and was
digitally corrected for scattering.
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efficiencies come within 70 to 75% of meet-
ing these limits. The passive diffusion of CO2

at atmospheric concentration will set a conver-
sion limit for fixation in both photosynthesis
and artificial devices. Indeed, dense stands of
rapidly photosynthesizing crops such as corn
or soybean can lower CO2 levels within the
canopy 50 parts per million (ppm) or more
below ambient (22), suggesting that CO2 deliv-
ery affects the rate of carbon fixation. Given
these constraints, opportunities to enhance photo-
synthetic productivity lie in the development of
plant and microalgal systems that achieve sus-
tained CO2 fixation at yields close to the the-
oretical limits. Further productivity gains in both
photosynthetic and PV systems could poten-
tially be realized by designing systems that re-
set the limits to energy conversion as described
below.

Improved System Design Raising
Theoretical Limits
A key opportunity for raising the efficiency ceil-
ing in PV systems lies in replacing single-junction
devices with tandem cells optimized for water
oxidation and hydrogen production. This ap-
proach could give efficiencies approaching 40%
(free energy basis) as overvoltages approach zero
(19, 23). Further increases in PVefficiencies might
be obtained by devices that use the blue and near-
UV region of the solar spectrum more effectively
or capture the energy of the sub-bandgap IR pho-
tons. Prospects under study include hot-carrier

solar cells, intermediate-band solar cells, multi-
junction tandem architectures, and absorbing
media that generate multiple charge carriers
per absorbed photon. In these cases, the theoret-
ical thermodynamic limit set by the second law
reaches 66% at one-sun intensity (24, 25), with
corresponding increases in the yield of electro-
chemical products.

Turning to photosynthesis, one straightforward
strategy for improving the efficiency limit would
involve tuning the light-absorbing pigments to
extend the range of solar light absorption (26).
A related, substantial source of inefficiency arises
from nature’s use of two photochemical sys-
tems connected in series to generate the electric
potential difference required to split water and
reduce nicotinamide adenine dinucleotide phos-
phate (NADP+). The effective bandgaps (ab-
sorption thresholds) of the two photosystems
are similar. In practical terms, this means that
the two photosystems compete for the same re-
gions of the solar spectrum, cutting the energy
efficiency nearly in half compared with what
might be achieved if the bandgaps were differ-
ent and optimized to use different regions of
the spectrum (19, 27).

Photosynthesis is unique in its capacity to
produce a diverse array of complex organic com-
pounds (leading to replication of the organism)
through light-driven CO2 reduction. There is no
PV device that can deliver comparably selective
carbon-fixation photochemistry, nor of course
can PV devices replicate themselves. Although

it can be argued that self-replication represents a
real advantage for natural photosynthesis, it is
also clear that the structure and function of the
photosynthetic apparatus are limited by the need
to operate within a living organism, for which
they were tailored by evolution. The compar-
atively low efficiency of natural photosynthesis
may result partly from the “legacy biochem-
istry” photosynthetic organisms inherited from
earlier non-photosynthetic organisms that used
biochemical pathways with redox cofactors not
optimally matched for photochemical processes
(28). Some factors that limit the efficiency of nat-
ural photosynthetic systems are intrinsic to the
basic structure and organization of the photo-
synthetic apparatus and would require a major
re-engineering to improve, whereas other improve-
ments may be attained by more straightforward
adjustments in the structure of the organisms or
the growth conditions. Although this approach
may seem daunting, agricultural breeding has
been steadily achieving these goals for millen-
nia, albeit primarily for food production, and
typically not necessarily for high-efficiency energy
storage. Because we have only just started breed-
ing or engineering plants and algae for fuels
production, it is likely that substantial improve-
ments are feasible.

Photosynthetic organisms in the wild are se-
lected through evolution for reproductive suc-
cess, not for high biomass production in plant
monocultures in which competition for resources
(including light) is, in many cases, a disadvan-
tage (29). Likewise, crop plants have been bred
for various properties of the harvestable product
but not for overall photosynthetic efficiency,
while being nurtured by intensive agricultural
practices that use substantial inputs of fossil fuels.
Consequently, photosynthetic rates are often lim-
ited or down-regulated even below the theo-
retical limits imposed by the slowest reactions
of CO2 fixation and electron transport, leading
to strategic down-regulation of productivity.
This problem could be alleviated with breeding
or engineering, even without radical changes to
the photosynthetic apparatus (7, 30). An inter-
esting example of the importance of regulatory
strategy is the acclimation of plants to higher
CO2 levels. In principle, the recent increase in
atmospheric CO2 levels should alleviate limita-
tions of photosynthesis at the enzyme ribulose-
bisphosphate carboxylase-oxygenase (RuBisCO);
however, these gains may not be realized in plants
that evolved to use the lower CO2 levels that
prevailed before the industrial revolution (31).
This lack of acclimation to current and future
CO2 levels, which results in kinetic mismatches
among the component processes of photosyn-
thesis, is an obvious target for plant breeding
and engineering. Further, cellular growth and
maintenance of the organism can also be viewed
as a loss of at least 30% of the stored energy (7).
Part of this energy is used to synthesize large
quantities of RuBisCO to compensate for the
enzyme’s relatively low catalytic rate constant.
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Fig. 2. Comparison of the threshold properties of photosynthetic and silicon-based PV systems. (A) Energy-
level diagram for chlorophyll a, the major pigment found in most oxygenic photosynthetic organisms. The
excited state is populated by blue light absorption and rapidly relaxes through heat loss to the energy
level accessed by red light absorption, which is the effective threshold for energy storage. An absorption
spectrum for chlorophyll a is shown for comparison. (B) Energy-level diagram for crystalline silicon, which
is characteristic of the band structure of a semiconductor. The threshold absorption energy just bridges the
bandgap (middle black arrow). Photons with a range of higher energies can still be absorbed, but their
energy in excess of the bandgap is lost as heat before it can be stored. An absorption spectrum of silicon
is shown for comparison (67).
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Another instance of inefficiency in natural
photosynthesis occurs when RuBisCO fixes the
competitive substrate O2 instead of CO2, initiating
the energy-intensive recovery process of photo-
respiration (32). Photorespiration can consume
up to 25% of the initially stored energy (7). Some
cyanobacteria, algae, and plants have evolved
CO2-concentration processes that largely cir-
cumvent photorespiration (33, 34). However,
these processes also entail an energetic cost that
prevents realization of the entire advantage. In
C4 photosynthesis, CO2 is initially fixed into
compounds with four carbon atoms (hence, the
term “C4”) and subsequently released at high
concentrations near RuBisCO, where it competes
more effectively with O2 and reduces the oxy-
genation reaction substantially (35, 36). Efforts
are currently underway to introduce C4 photo-
synthesis or other carbon-concentrating systems
into higher plants where they are currently lack-
ing (35). If successful, these efforts may not only
increase maximal photosynthetic rates and ef-
ficiencies directly but could reduce the large in-
vestment of energy and nutrients that C3 plants
make in the synthesis of RuBisCO.

The amount of photorespiration can also po-
tentially be reduced by engineering improved
versions of RuBisCO with higher specificity for
CO2 over O2, although this has proven difficult
(36). A promising approach is the insertion of the
Escherichia coli pathway for glycolate catabo-
lism into Arabidopsis chloroplasts, introducing a
bypass of the normal photorespiratory pathway
by converting glycolate to glycerate directly in the
chloroplast (7, 37). Additionally, natural variants
of RuBisCO that are better suited to current and
anticipated CO2 levels may be useful (38). Photo-
respiration also might be virtually eliminated by
using flue gases from fossil fuel– or biomass-
burning installations (such as power plants) as
input gases for microalgal-based photobioreactor
systems (39). These flue gases typically com-
prise ~10% CO2, a concentration sufficient to
suppress photorespiration almost completely.

All natural photosynthetic organisms contain
light-gathering antenna systems, in which spe-
cialized pigments (typically several hundred) col-
lect energy and transfer it to a reaction center
where photochemistry takes place (6, 40). With
so many pigments absorbing light, full sunlight
rapidly exceeds the capacity of the photosyn-
thetic apparatus to process the influx of energy.
In leaves in full sun, up to 80% of the absorbed
energy must be dissipated or risk causing serious
damage to the system (41). Plants have evolved
a variety of mechanisms for dealing with this ex-
cess energy, including non-photochemical quench-
ing pathways to prevent damage (42) and repair
mechanisms if damage to reaction center pro-
teins has occurred (43). However, the conse-
quence is that surface cells exposed to the most
light dissipate much of the available energy,
whereas cells in lower layers remain starved for
light. This overly aggressive capture of light may
have an evolutionary advantage (for example,

by shading competitors), but it decreases the over-
all efficiency of energy storage.

To address this issue, research efforts are
underway in microorganisms to reduce the size
of the antenna system (44, 45). Truncated light-
harvesting antennas can simultaneously reduce
the problem of saturation at the surface and re-
duce shading deep in the water column, permit-
ting more uniform illumination of the culture. In
crop plants, modifying plant architecture can
allow more light to pass to lower levels of the
canopy, although lowering the chlorophyll con-

tent may be a more robust way to promote light
energy distribution and canopy photosynthetic
efficiency (46).

As noted earlier, plants and algae are gen-
erally restricted to absorbing visible light. Some
species of cyanobacteria possess variants of
chlorophyll that absorb further into the near-IR
(740- to 750-nm wavelength range), increasing

the amount of solar energy that can potentially
be stored (26, 47, 48). Reducing the size of the
antenna as discussed above might make it
possible to expand the absorption spectrum
without increasing saturation effects.

Synthetic Biology
The techniques of synthetic biology (49) may
allow a more radical redesign of the photosyn-
thetic apparatus for both bioenergy and food pro-
duction applications. As mentioned above, the
two photosystems required for oxygenic photo-

synthesis compete for the same wavelengths of
light, reducing overall photochemical efficiency.
An ambitious modification would be to main-
tain the two photosystems but engineer one of
them to use the bacteriochlorophylls found in
many anoxygenic photosynthetic organisms,
which have absorption maxima that extend out
to ~1100 nm. Figure 3 presents a schematic il-
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reaction center primary donor chlorophylls. The position of the arrows along the wavelength axis is fixed by
their length and is approximately at the red-most absorption edge of these chlorophylls. In (A), the vertical
positions of the bases of the upward arrows reflect the approximate reduction potentials for the radical
cation of the primary donor chlorophylls of photosystem I and photosystem II. In (B), the vertical and
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viding 800 mV of overpotential to drive a chemical reaction having DG0 of 1.23 eV that converts solar
energy to electrochemical potential. The lengths of the downward dashed arrows indicate intrinsic free-
energy losses associated with charge separation and electron transfer between photosystem II and reaction
center I (arrow 2) and the overpotential necessary to drive the chemical oxidation-reduction reactions
(arrows 1 and 3). In (A), electron transfer between the photosystems (dashed arrow 2) is associated with an
energy-conserving ATP-coupling site. The background shows the portion of incident solar photons captured
in each case. In (B) reengineered photosynthesis, photosystem I is replaced by a new reaction center, RC1,
with farther-red-absorbing pigments. This increases the efficiency of photosynthesis by approximately
doubling the solar photon capture and, using this biological version of a tandem cell, better matching the
solar spectrum to the electrochemical work. For this illustration, reaction centers using chlorophyll d and
bacteriochlorophyll b would be optimal for driving the redox catalysts.
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lustration of a radically redesigned system in
which the two photosystems have complementary
optical spectra, conferring pseudotandem photo-
cell function. The extent to which true tandem-
cell efficiency were achieved would depend on
the success of directing energy transfer from an-
tennas absorbing 400- to 730-nm and 730- to
~1100-nm photons to different reaction centers.
Wiring each antenna to the appropriate reaction
center could potentially take advantage of struc-
tures in which exciton coupling or quantum coher-
ence effects direct energy flow more efficiently
(50). An optimum configuration could mimic a
two-junction tandem photovoltaic cell (19).

Substantial improvements can be envisaged
even within the context of the two-photosystem
architecture of current oxygenic photosynthe-
sis. As discussed earlier, for example, the carbon
fixation process is currently limited by photo-
respiration associated with the low substrate
selectivity of RuBisCO. Although RuBisCO is
found in all oxygenic photosynthetic organisms,
it might nonetheless be possible to introduce a
different carbon-fixation cycle in place of the
Calvin-Benson cycle (51, 52). Most of the known
alternative cycles are highly O2 sensitive and are
probably unsuitable for organisms that live in the
presence of oxygen. However, the hydroxypro-
pionate cycle found in filamentous anoxygenic
phototrophs is not O2-sensitive (53). An alter-
native is to forego production of reduced carbon
storage products and produce H2 by reduction of
H+. This process can be accomplished by using
hydrogenase enzymes (54) or platinum nanopar-
ticles (55) that are tethered to photosystem I. Be-
cause most hydrogenase enzymes are destroyed
by O2, re-engineering this system to be less O2-
sensitive is an important objective (56, 57). In
addition, a range of promising, O2-tolerant tran-
sition metal catalysts are being developed (58).
An intermediate enzymatic approach that is un-
der investigation would treat CO2 as an electron
acceptor but reduce it only to the level of formate
by using the enzyme formate dehydrogenase (59).
The production of either hydrogen or formate
may at the same time reduce the problem of light
saturation because these systems have intrinsi-
cally very high capacity and could be capable of
processing the electrons delivered by the reac-
tion centers at a much higher rate than that of
the RuBisCO-based C3 carbon-fixation cycle.

Outlook
We have sought here to make the most con-
sistent comparison possible between the fun-
damental solar energy storage efficiencies of
photovoltaic and photosynthetic systems. In this
context, the efficiency advantage clearly goes
to photovoltaic systems. However, there is clearly
need to apply both in the service of sustainable
energy conversion for the future. Approaches in
which photovoltaics are coupled to redox chem-
istry in photoelectrochemical cells and even liv-
ing organisms (60, 61) also hold promise for solar
fuels production. Numerous points of ineffici-

ency in the natural system are amenable to im-
provement by using genetic engineering and more
aggressive techniques of synthetic biology.
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Clonogenic Neoblasts Are Pluripotent
Adult Stem Cells That Underlie
Planarian Regeneration
Daniel E. Wagner,1* Irving E. Wang,1* Peter W. Reddien1†

Pluripotent cells in the embryo can generate all cell types, but lineage-restricted cells are
generally thought to replenish adult tissues. Planarians are flatworms and regenerate from tiny
body fragments, a process requiring a population of proliferating cells (neoblasts). Whether
regeneration is accomplished by pluripotent cells or by the collective activity of multiple
lineage-restricted cell types is unknown. We used ionizing radiation and single-cell transplantation
to identify neoblasts that can form large descendant-cell colonies in vivo. These clonogenic
neoblasts (cNeoblasts) produce cells that differentiate into neuronal, intestinal, and other known
postmitotic cell types and are distributed throughout the body. Single transplanted cNeoblasts
restored regeneration in lethally irradiated hosts. We conclude that broadly distributed, adult
pluripotent stem cells underlie the remarkable regenerative abilities of planarians.

Pluripotent cells, such as embryonic blasto-
meres, differentiate into mature cell types
spanning three germ layers (1–3). Although

essential for development, pluripotent cells are
generally not known to be present in adult animals
(4, 5). Adult tissues, in contrast, are typically main-
tained by specialized, tissue-specific adult stem
cells (5–11). Planarians are flatworms well known
for the ability to regenerate whole animals from
small pieces of tissue (12). Planarian regeneration
requires a population of proliferative cells, his-
torically known as neoblasts, that exist through-
out the body and collectively produce all known
differentiated cell types (13, 14). Neoblasts have
great potential for molecular genetic studies in
Schmidtea mediterranea, in which a sequenced
genome and molecular tools (including RNA in-
terference technology) enable the identification and
study of genes controlling regeneration (14, 15). To
date, however, neoblast properties have only been
studied at the level of a population (14, 16–21).
The cell population known as neoblasts, therefore,
could either contain only lineage-restricted cells
that together allow regeneration or could contain,
within the population, stem cells that are pluri-
potent at the single-cell level. A fundamental issue
to address for understanding planarian regener-
ation, therefore, is the in vivo potential of indi-
vidual proliferating planarian cells.

Colonies are generated from single smedwi-1+

cells after irradiation. With the use of ionizing
radiation, we developed an in vivo method that
permits the study of rare, individual proliferating
cells and their descendants (22). Irradiation elim-

inates dividing cells and is a classic strategy for
studying stem cells (23, 24 ). All dividing cells
in adult planarians express the smedwi-1 gene
(Fig. 1A) (25); these cells are specifically, rapid-
ly, and completely depleted after exposure to
high irradiation doses (for example, 6000 rad)
(17, 25, 26). Low irradiation doses (such as 500
rad) eliminate some proliferating cells, leaving
a large number spread ventrally throughout the
animal (19). We identified an irradiation dose
(1750 rad) that eliminated all smedwi-1+ cells
from most (78%) animals (Fig. 1B). However,
7 days after 1750-rad exposure, rare smedwi-1+

cells were present in the minority of animals
(22%) as sparse “clusters” (Fig. 1, B and C). Clus-
ters consistently displayed compact, isolated,
colonylike morphology and originated ventrally
throughout the body (Fig. 1D and fig. S1, A to C)
but were not associated with specific known tis-
sues (fig. S1, D and E). If resulting from clonal
growth of single smedwi-1+ cells, these clusters
provide the opportunity to study the develop-
mental potential of individual planarian cells.

Numerous smedwi-1+ cluster attributes indi-
cate they result from clonal growth. smedwi-1+

clusters were preceded by isolated smedwi-1+

cells present 3 to 4 days after irradiation and
typically displayed 3 to 10 cells after one week
(Fig. 1, E and F). Based on the low proportion of
animals with smedwi-1+ cells in close proximity
3 days post-irradiation with 1750 rad (fig. S2), it
is improbable that clusters arose from multiple
adjacent smedwi-1+ cells (P = 0.0138, two-tailed
Fisher’s exact test). Cluster size increased dra-
matically over time, suggesting exponential growth
and ultimately yielding hundreds of smedwi-1+

cells 14 to 18 days post-irradiation (Fig. 1, E and
F). Consistent with clusters originating from pre-
existing smedwi-1+ cells that survived irradiation,
a cluster-location scatter plot resembled the nor-
mal smedwi-1+ expression pattern (Fig. 1D),

and cluster frequency decreased with increasing
irradiation doses (see below). Bromodeoxyuridine
(BrdU) delivery labels smedwi-1–expressing cells
(fig. S3A) (25), followed by a rapid decline in
incorporation within 24 to 48 hours (fig. S3, B
to D) (17 ), demonstrating that unincorporated
BrdU does not persist over the long term. A
BrdU pulse followed by irradiation resulted in
clusters consisting entirely of BrdU+; smedwi-1+

cells (fig. S3E), indicating that smedwi-1+ clus-
ter expansion results from division of existing
smedwi-1+ cells (i.e., by clonal growth). If some
other process, such as dedifferentiation, had pro-
duced smedwi-1+ cluster cells, these cells should
have been BrdU–.

After irradiation, every proliferative cell detected
by an 8-hour BrdU pulse (Fig. 1G)—or by using
probes for the conserved proliferationmarker genes
histone h2b (Smed-h2b) (27), pcna (Smed-pcna)
(28), or ribonucleotide reductase (Smed-RRM2-1)
(fig. S3, F to H) (17, 29)—existed in clusters
and expressed smedwi-1 (n = 815/815 cells).
Therefore, no other source (non-smedwi-1+) for
proliferating cells exists outside of smedwi-1+

clusters in irradiated animals. Furthermore, if
additional sources for smedwi-1+ cells (other
than clonal growth) existed, the cluster number
would be expected to increase with time and
small, newly formed clusters might be present
at late time points after irradiation. Neither of
these possibilities was observed (Fig. 1F). New
cluster production was also not observed after
amputation or feeding (fig. S4), which elicit
proliferative responses (30, 31). These data
indicate that clonal expansion (producing colo-
nies) represents the source of new smedwi-1+

dividing cells during cluster formation and
growth.

Not all proliferating cells (neoblasts) neces-
sarily have the capacity to form colonies. We term
cells displaying this capacity “clonogenic neoblasts”
(cNeoblasts); these cells express smedwi-1, have
a body-wide (head-to-tail) distribution (Fig. 1D),
andgenerate large, expanding colonies of smedwi-1+

cells. The ability of small numbers of colonies to
ultimately restore both smedwi-1+ cells andmitotic
activity to normal levels (fig. S5) suggests a stem
cell–like capacity for self-renewal.

To investigate the potential of individual
cNeoblasts, we used three well-established dif-
ferentiation assays involving a SMEDWI-1 anti-
body (25, 30, 32), BrdU pulse-chase (17, 18, 32),
and postmitotic cell type markers (17, 30, 32, 33)
to analyze smedwi-1+ colonies. SMEDWI-1 pro-
tein is present in smedwi-1mRNA+ dividing cells
and temporarily remains detectable in postmitotic
descendant cells (25). Therefore, differentiating
cells transit through a SMEDWI-1(protein)+;
smedwi-1(mRNA)– state (30,32).All colonies exam-
ined (n = 12/12 colonies) contained SMEDWI-1+;
smedwi-1– cells (Fig. 1H). Independently, BrdU
can label cells that divide and exit the smedwi-1+

state. All colonies analyzed by 4-day BrdU pulse-
chase (n = 31/31 colonies) contained BrdU+;
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smedwi-1– cells (Fig. 2), and no BrdU+ cells
existed in worms lacking smedwi-1+ colonies (n =
25/25 animals), indicating that colonies produce
and are the only source for cells exiting the
smedwi-1+ undifferentiated state. SMEDWI-1+ or
BrdU+ colony cells can thus be assessed for lineage-
specific marker expression to determine the devel-
opmental potential of individual cNeoblasts.

cNeoblasts display broad differentiation
capacity. Described adult stem cells typically
produce only differentiated cells corresponding to
their germ layer and tissue of origin (5). To address
whether cNeoblasts, in contrast, could produce
cell types derived from multiple germ layers, we
identified and characterized markers for neuro-
nal (ectoderm-derived) and intestinal (endoderm-
derived) lineages. In untreated animals, some
SMEDWI-1+ descendant cells expressed a cho-
line acetyl-transferase ortholog, Smed-chat (fig.
S6); chat expression is widely conserved in cho-
linergic neurons (34). SMEDWI-1+; chat+ cells
were enriched in brain regions and had neuronal
morphology, and chat+ cells coexpressed addi-
tional neuronal markers (fig. S6), indicating that
SMEDWI-1+; chat+ cells are differentiating neu-
rons. Smed-gata4/5/6 and Smed-hnf4, orthologs
of endoderm-promoting GATA4/5/6 and HNF4
transcription factors, respectively (35), were ex-
pressed in intestinal cells and also in interspersed
cells surrounding the intestine (figs. S7 to S10).
Many of these interspersed cells were irradiation-
sensitive and SMEDWI-1+, indicating that they
represent differentiating endodermal cells (figs.
S8 and S10). A third endoderm marker gene,
Smed-mat, was expressed in intestinal branches
(figs. S8 and S10). Finally, additional differenti-
ation marker genes (Smed-AGAT-1, NB.21.11E,
Smed-MCP-1, Smed-ODC-1, Smed-CYP1A1-1,
and NB.52.12F) are expressed in partially over-
lapping mesenchymal populations of postmitotic
cells (fig. S11, A to F) (17 ). These populations
have unknown lineage relationships but turn
over rapidly and are consequently depleted after
irradiation (fig. S11, G to L) (17).

Using the SMEDWI-1 antibody to label col-
ony cell descendants, we examined individual
colonies for the presence of both gata4/5/6+

and chat+, both gata4/5/6+ and AGAT-1+, or both
AGAT-1+ and chat+ differentiating cells. In nearly
all cases (n = 20/22 colonies), individual colonies
contained newly produced cells of both lineages
that we tested (Fig. 2, A to C and fig. S12). The
1750-rad dose yields rare, well-separated colo-
nies (Fig. 1C); animals fixed 7 days after irradia-
tion contained single colonies (n = 12/28 animals),
no colonies (n = 12/28 animals), and, only rarely,
more than one colony (n = 4/28 animals). Given
the high frequency of colonies producing multi-
ple lineages (n = 20/22 colonies), it is improbable
that all such cases were the result of multiple
coloniesmerging (P< 0.0001, Fisher’s exact test).
In addition, we used a 4-day BrdU pulse chase as
an independent method to identify several colo-
nies containing both BrdU+; chat+ (neuronal) and
BrdU+;mat+ (intestinal) cells (Fig. 2D). Nearly all

colonies examined, using the SMEDWI-1 anti-
body or BrdU, produced differentiated cells for
any single lineage analyzed (n = 61/64 colonies)
(fig. S13). These colonies were distributed through-
out the body and not restricted to specific ana-
tomical regions (Fig. 2E). Finally, nearly every
smedwi-1+ colony examined had associated cells
expressing every additional differentiation mark-
er that we tested (NB.21.11E, MCP-1, ODC-1,
CYP1A1-1, NB.52.12F, AGAT-1) (n = 110/115 col-
onies) (fig. S14, A to F). Furthermore, descend-
ant cell clusters were never observed in regions
lacking smedwi-1+ colonies (fig. S11, G to L). In
addition, even early colonies (7 days post-irradiation)
had associated differentiated cells (fig. S14G).

Together, these data indicate that broad multi-
potency and a body-wide distribution are fun-
damental attributes of individual cNeoblasts.

Small numbers of cNeoblasts restore regen-
erative ability. Irradiated planarians cannot re-
generate (36 ) and suffer massive tissue loss
because of failed replacement of aged differen-
tiated cells (36, 37). However, transplantation of
large numbers of cells (16) or tissue fragments
can restore regenerative ability to irradiated hosts
and change sexual behavior to that of the donor
(16, 20, 21, 38). We sought to determine whether
small numbers of cNeoblasts would restore re-
generative ability to irradiated animals. After ir-
radiation, some animals were fixed and colony
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Fig. 1. Expanding colonies are generated from isolated smedwi-1+ cells after irradiation. (A and B)
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in a scatter plot. phx, pharynx. (E and F) Animals fixed in a time course after 1750-rad treatment
analyzed by smedwi-1 fluorescence in situ hybridization (FISH). d, days. (F) Mean cluster frequency
(number of clusters per worm) and size (number of smedwi-1+ cells per cluster) are plotted. Error bars
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numbers determined; the remaining animals were
followed to assess survival and regeneration fre-
quencies. Increasing irradiation doses resulted in
decreasing colony numbers (Fig. 3, A and B) and
survival rates (fig. S15A). Regeneration, which
involves the production of diverse cell types
(fig. S16), was initially impeded in animals cut
4 days post-irradiation (fig. S15, B and C); how-
ever, many animals both survived and ultimately
regenerated at doses that produced sparse, mea-
surable colony numbers (Fig. 3, A to D and
table S1). These animals regenerated heads con-
taining neurons (ectoderm), muscle (mesoderm),
and intestine (endoderm) (Fig. 3, D and E). The
minimum number of cNeoblasts initially present
in irradiation survivors can be estimated by com-
paring the number of colonies present (in fixed
animals) to observed regeneration frequencies
(see table S1). Our data indicate as few as three

(P = 0.0478), four (P = 0.0017), or five colonies
(P < 0.0001, Fisher’s exact test) can be sufficient
to restore regenerative ability to entire animals.

Transplantation of individual cNeoblasts. To
determine whether a single cNeoblast can gen-
erate all essential adult cells, we developed a
method for isolating and transplanting individual
cNeoblasts into lethally irradiated hosts. Previous
flow cytometry studies identified an irradiation-
sensitive cell population (the X1 fraction) with a
high percentage of smedwi-1+ cells (26, 39). How-
ever, the Hoechst 33342 DNA dye used in this
method is cytotoxic. Therefore, size and com-
plexity properties of cells within the X1 fraction
were used to define a gate for sorting unlabeled
cells, which we refer to as the X1(FS) fraction
(Fig. 4, A and B).

X1(FS) cells are heterogeneous; however,
cells with a similar morphology to X1 cells can

be identified microscopically (Fig. 4C). Single
selected cells were loaded into needles and trans-
planted postpharyngeally into lethally irradiated
hosts (Fig. 4D). To confirm that only single cells
were transplanted, needles were loaded and the
contents expelled into media. In all cases, only
a single cell was observed exiting the needle
(n = 136/136 test ejections). Furthermore, some
animals were fixed immediately after transplant
and labeled with a smedwi-1 RNA probe. All
injected animals had either one (n = 20/60 animals)
or zero (n=40/60 animals) smedwi-1+ cells (Fig. 4,
E and F).

If a transplanted cell was a cNeoblast capable
of engraftment, then clonal growth of progeny
cells would be expected. Indeed, animals exam-
ined 6 days after single-cell transplantation dis-
played clusters with 1 to 13 smedwi-1+ cells (n =
23/100 animals) (Fig. 4G). Furthermore, select-
ing for X1(FS) cells that were approximately 10
mm in diameter and had blebs and/or cytoplasmic
processes increased engraftment rates, which
ranged from 12% (n = 2/17 animals) to 75% (n =
15/20 animals) (fig. S17). Cells with properties of
cNeoblasts, therefore, are present in the X1(FS)
fraction and can be successfully transplanted.

If cNeoblasts are pluripotent stem cells capable
of self-renewal, then a single cNeoblast should, in
principle, be capable of restoring tissue turnover
and regenerative capacity to lethally irradiated hosts.
However, for this to occur the irradiated host must
survive long enough for the cNeoblast to repopu-
late the smedwi-1+ population and replenish dying
tissue. Therefore, we used a sexualS.mediterranea
strain (S2F1L3F2) that can survive longer than the
asexual strain (CIW4) after a 6000-rad irradiation
dose (fig. S18). Sexual hosts transplanted with
single asexual cells had colonies consisting of
large numbers of SMEDWI-1+ cells 30 days after
transplantation (n = 4/17 animals) (Fig. 4H).
Every colony examined contained SMEDWI-1+;
Smed-gata4/5/6+ double-positive cells (n = 4/4 col-
onies), and most of these colonies also contained
SMEDWI-1+; Smed-chat+ double-positive cells
(n = 3/4 colonies) (Fig. 4H). Transplant data thus
independently confirm attributes of colonies de-
scribed post–1750 rad, further indicating that clonal
growth and multipotency are important features
of individual cNeoblasts.

Entire animals and strains regenerated from a
single transplanted cNeoblast. Two weeks after
irradiation, lesions appeared at sexual animal head
tips, followed by progressive anterior-to-posterior
tissue regression with 100% penetrant animal
death after approximately 6 weeks (n = 78/78
animals) (Fig. 5A). Remarkably, several trans-
plant recipients lived past 7 weeks and even-
tually developed blastemas at the site of tissue
regression (n=7/130 animals) (Fig. 5A). Animals
that developed blastemas regenerated anterior
and mid-body structures, such as photoreceptors
and pharynges (Fig. 5A), and regained feeding
behavior by 8 weeks after irradiation. Of the
seven rescued animals, three were expanded into
strains (R1, R2, and R3) by serial amputation
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and regeneration (fig. S19). These animals ex-
hibited normal blastema formation and the ca-
pacity to regenerate photoreceptors and intestine
after amputation (Fig. 5B). The ability to produce
multiple regenerating animals from a single trans-
planted cell indicates a self-renewing capability of
cNeoblasts. Rescued strains did not display sex-

ual features, such as large size and a gonopore; in
contrast, animals in all three strains reproduced by
binary fission, an asexual behavior seen very rarely
in sexual animals (fig. S19).

To confirm that all new tissue in rescued
strains resulted from clonal division from the donor
cNeoblast, we genotyped the animals using single-

nucleotide polymorphisms (SNPs) identified be-
tween the asexual strain and the sexual strain (22).
Genomic DNA was isolated from strain R1, R2,
and R3 animals after two rounds of regeneration;
growth and regeneration should replace host tis-
sues with donor-derived cells (Fig. 6A). If, on the
other hand, host cells continue to replenish tissues
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treatment. Arrowheads denote photoreceptors. (E) Heads regenerated after ir-
radiation contained differentiated neuronal (chat+), intestinal (mat-1+), and
muscle (mhc-1+) cells (41/41 worms, 1250 rad; 15/15 worms, 1500 rad).
SMEDWI-1+ cells were also restored (n=9/9worms, 1250 rad). Dotted lines denote
the approximate amputation plane. Scale bars, 200 mm (A); 20 mm [(D) to (E)].

Fig. 4. Single transplanted cNeoblasts
display properties of clonal growth and
multipotency. Irradiation-sensitive cells
(polygonal gate) were identified by
Hoechst 33342 labeling (A) and back-
gated to set the X1(FS) gate (oval) based
on size (FS) and complexity (SS) parameters
(B). The X1(FS) fraction is heterogeneous
and contains some cells approximately
10 mm in diameter with processes (arrow-
head) (C). (D) Individual cells were loaded
into needles (one needle used per in-
jection) and transplanted into the medial,
postpharyngeal, parenchymal space of
hosts. (E and F) FISH (smedwi-1) of a
host immediately after transplantation.
Anterior, up. The ventral surface is shown.
Zero (n = 40/60 animals) or one (n =
20/60 animals) smedwi-1+ cells were
observed in all cases, with expected
size and morphology. (F) is a zoomed-
in image of (E). (G) Colony formation
9 days after irradiation, 6 days after
transplant. Anterior, up. The ventral
surface is shown. Colonies of smedwi-1+

cells (arrowhead) appeared in trans-
plant recipients (n = 23/100 animals)
but not in untreated animals (n = 0/5
animals). px, pharynx. (H) IF (SMEDWI-1)
and double FISH (Smed-gata4/5/6; Smed-chat) 33 days after irradiation, 30 days after transplant. Single colonies were observed (n = 4/17 animals); example
differentiating cells from displayed colony are shown. Scale bars, 10 mm (C); 50 mm (E); 5 mm (F) and zoomed images in (H); 20 mm (H); 200 mm (G).
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after irradiation, host SNPs in the collected ge-
nomic DNAwould be expected. Polymerase chain
reaction-restriction fragment length polymorphism
(PCR-RFLP) analysis of two loci (RFLP 00310
and RFLP 00463) revealed that the rescued strains
have the asexual strain RFLPs, indicating that the
majority of cells in these animals were donor-
derived (Fig. 6B). Sequencing of three indepen-
dent homozygous haplotypes (00163, 00463,
and 02716), each containing six SNPs that dis-
tinguish asexual CIW4 and sexual S2F1L3F2
strains, confirmed that the rescue strains pos-
sessed the donor rather than host genotype (Fig.

6C). These data indicate that descendants of a
single cNeoblast ultimately transformed the
recipient into a genetic clone of the donor by
replacing all cells present in the original host. We
conclude that cNeoblasts are pluripotent stem
cells with a broad, body-wide distribution and
that persistence into adulthood of pluripotent
stem cells enables the extraordinary regenerative
feats of planarians.
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no reads.
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Computational Design of Proteins
Targeting the Conserved Stem Region
of Influenza Hemagglutinin
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We describe a general computational method for designing proteins that bind a surface patch of
interest on a target macromolecule. Favorable interactions between disembodied amino acid
residues and the target surface are identified and used to anchor de novo designed interfaces. The
method was used to design proteins that bind a conserved surface patch on the stem of the
influenza hemagglutinin (HA) from the 1918 H1N1 pandemic virus. After affinity maturation, two
of the designed proteins, HB36 and HB80, bind H1 and H5 HAs with low nanomolar affinity.
Further, HB80 inhibits the HA fusogenic conformational changes induced at low pH. The crystal
structure of HB36 in complex with 1918/H1 HA revealed that the actual binding interface is nearly
identical to that in the computational design model. Such designed binding proteins may be useful
for both diagnostics and therapeutics.

Molecular recognition is central to biol-
ogy, and high-affinity binding proteins,
such as antibodies, are invaluable for

both diagnostics and therapeutics (1). Currentmeth-
ods for producing antibodies and other proteins
that bind a protein of interest involve screening
large numbers of variants generated by the im-
mune system or by library construction (2). The
computer-based design of high-affinity binding
proteins is a fundamental test of current under-
standing of the physical-chemical basis of mo-
lecular recognition and, if successful, would be
a powerful complement to current library-based
screening methods, because it would allow target-
ing of specific patches on a protein surface. Recent
advances in computational design of protein in-
teractions have yielded switches in interaction
specificity (3), methods to generatemodest-affinity
complexes (4, 5), two-sided design of a novel

protein interface (6), and design of a high-affinity
interaction by grafting known key residues onto
an unrelated protein scaffold (7). However, the
capability to target an arbitrarily selected protein
surface has remained elusive.

Influenza presents a serious public health
challenge, and new therapies are needed to
combat viruses that are resistant to existing
antiviral medicines (8) or that escape neutraliza-
tion by the immune system. Hemagglutinin (HA)
is a prime candidate for drug development as it is
the major player in viral invasion of cells lining
the respiratory tract. Although most antibodies
bind to the rapidly varying head region of HA,
recently two antibodies, CR6261 and F10, were
structurally characterized (9, 10) and found to
bind to a region on the HA stem, which is con-
served among all group 1 influenza strains (fig. S1)
(11). Here, we describe a computational method
for designing protein-protein interactions de novo
and use themethod to design high-affinity binders
to the conserved stem region on influenza HA.

Computational Design Method
In devising the computational design strategy,
we considered features common to dissociable
protein complexes. During protein complex for-
mation, proteins bury on average ~1600 Å2 of
solvent-exposed surface area (12). Interfaces typ-
ically contain several residues that make highly

optimized van der Waals, hydrogen bonding,
and electrostatic interactions with the partner
protein; these interaction hot spots contribute
a large fraction of the binding energy (13).

Our strategy thus centers on the design of inter-
faces that have both high shape complementar-
ity and a core region of highly optimized, hot
spot–like residue interactions (14). We engineered
high-affinity interactions and high shape comple-
mentarity into scaffold proteins in two steps (see
Fig. 1): (i) disembodied amino acid residues were
computationally docked or positioned against the
target surface to identify energetically favorable
configurations with the target surface; and (ii)
shape-complementary configurations of scaffold
proteins were computed that anchor these ener-
getically favorable interactions.

Design of HA-Binding Proteins
The surface on the stem of HA recognized by
neutralizing antibodies consists of a hydropho-
bic groove that is flanked by two loops that
place severe steric constraints on binding to the
epitope (Fig. 2, A and B) (15). In the first step
of our design protocol (Fig. 1), the disembodied
hot spot residues found through computational
docking cluster into three regions contacting HA
(HS1, HS2, and HS3) (Fig. 1). In HS1, a Phe
side chain forms an energetically favorable aro-
matic stacking interaction with Trp21 on chain 2
of the HA (HA2) (HA residue numbering cor-
responds to the H3 subtype sequence-numbering
convention) (16). In HS2, the nonpolar residues
Ile, Leu, Met, Phe, and Val, make favorable van
der Waals interactions with both the hydropho-
bic groove and HS1 (Fig. 1 and fig. S2). In HS3,
a Tyr side chain forms a hydrogen bond to Asp19

on HA2 and van der Waals interactions with
the A helix on HA2. The Tyr in HS3 resembles
the conformation of a Tyr residue observed on the
antibody in the structure of the HA and CR6261
Fab complex (figs. S1 and S2); the HS1 and
HS2 interactions are not found in the antibody
structures (9, 10, 17) (fig. S1).

In the second step, we searched a set of 865
protein structures selected for ease of experimen-
tal manipulation (18) (table S1) for scaffolds ca-
pable of supporting the disembodied hot spot
residues and that are shape complementary to the
stem region. Each scaffold protein was docked
against the stem region using the feature-matching
algorithm PatchDock (19), which identified hun-
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We describe a general computational method for designing proteins that bind a surface patch of
interest on a target macromolecule. Favorable interactions between disembodied amino acid
residues and the target surface are identified and used to anchor de novo designed interfaces. The
method was used to design proteins that bind a conserved surface patch on the stem of the
influenza hemagglutinin (HA) from the 1918 H1N1 pandemic virus. After affinity maturation, two
of the designed proteins, HB36 and HB80, bind H1 and H5 HAs with low nanomolar affinity.
Further, HB80 inhibits the HA fusogenic conformational changes induced at low pH. The crystal
structure of HB36 in complex with 1918/H1 HA revealed that the actual binding interface is nearly
identical to that in the computational design model. Such designed binding proteins may be useful
for both diagnostics and therapeutics.

Molecular recognition is central to biol-
ogy, and high-affinity binding proteins,
such as antibodies, are invaluable for

both diagnostics and therapeutics (1). Currentmeth-
ods for producing antibodies and other proteins
that bind a protein of interest involve screening
large numbers of variants generated by the im-
mune system or by library construction (2). The
computer-based design of high-affinity binding
proteins is a fundamental test of current under-
standing of the physical-chemical basis of mo-
lecular recognition and, if successful, would be
a powerful complement to current library-based
screening methods, because it would allow target-
ing of specific patches on a protein surface. Recent
advances in computational design of protein in-
teractions have yielded switches in interaction
specificity (3), methods to generatemodest-affinity
complexes (4, 5), two-sided design of a novel

protein interface (6), and design of a high-affinity
interaction by grafting known key residues onto
an unrelated protein scaffold (7). However, the
capability to target an arbitrarily selected protein
surface has remained elusive.

Influenza presents a serious public health
challenge, and new therapies are needed to
combat viruses that are resistant to existing
antiviral medicines (8) or that escape neutraliza-
tion by the immune system. Hemagglutinin (HA)
is a prime candidate for drug development as it is
the major player in viral invasion of cells lining
the respiratory tract. Although most antibodies
bind to the rapidly varying head region of HA,
recently two antibodies, CR6261 and F10, were
structurally characterized (9, 10) and found to
bind to a region on the HA stem, which is con-
served among all group 1 influenza strains (fig. S1)
(11). Here, we describe a computational method
for designing protein-protein interactions de novo
and use themethod to design high-affinity binders
to the conserved stem region on influenza HA.

Computational Design Method
In devising the computational design strategy,
we considered features common to dissociable
protein complexes. During protein complex for-
mation, proteins bury on average ~1600 Å2 of
solvent-exposed surface area (12). Interfaces typ-
ically contain several residues that make highly

optimized van der Waals, hydrogen bonding,
and electrostatic interactions with the partner
protein; these interaction hot spots contribute
a large fraction of the binding energy (13).

Our strategy thus centers on the design of inter-
faces that have both high shape complementar-
ity and a core region of highly optimized, hot
spot–like residue interactions (14). We engineered
high-affinity interactions and high shape comple-
mentarity into scaffold proteins in two steps (see
Fig. 1): (i) disembodied amino acid residues were
computationally docked or positioned against the
target surface to identify energetically favorable
configurations with the target surface; and (ii)
shape-complementary configurations of scaffold
proteins were computed that anchor these ener-
getically favorable interactions.

Design of HA-Binding Proteins
The surface on the stem of HA recognized by
neutralizing antibodies consists of a hydropho-
bic groove that is flanked by two loops that
place severe steric constraints on binding to the
epitope (Fig. 2, A and B) (15). In the first step
of our design protocol (Fig. 1), the disembodied
hot spot residues found through computational
docking cluster into three regions contacting HA
(HS1, HS2, and HS3) (Fig. 1). In HS1, a Phe
side chain forms an energetically favorable aro-
matic stacking interaction with Trp21 on chain 2
of the HA (HA2) (HA residue numbering cor-
responds to the H3 subtype sequence-numbering
convention) (16). In HS2, the nonpolar residues
Ile, Leu, Met, Phe, and Val, make favorable van
der Waals interactions with both the hydropho-
bic groove and HS1 (Fig. 1 and fig. S2). In HS3,
a Tyr side chain forms a hydrogen bond to Asp19

on HA2 and van der Waals interactions with
the A helix on HA2. The Tyr in HS3 resembles
the conformation of a Tyr residue observed on the
antibody in the structure of the HA and CR6261
Fab complex (figs. S1 and S2); the HS1 and
HS2 interactions are not found in the antibody
structures (9, 10, 17) (fig. S1).

In the second step, we searched a set of 865
protein structures selected for ease of experimen-
tal manipulation (18) (table S1) for scaffolds ca-
pable of supporting the disembodied hot spot
residues and that are shape complementary to the
stem region. Each scaffold protein was docked
against the stem region using the feature-matching
algorithm PatchDock (19), which identified hun-
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dreds of compatible binding modes for each scaf-
fold (260,000 in total). These coarse-grained bind-
ing modes were then refined using RosettaDock
(20) with a potential scoring function that favored
configurations that maximized the compatibility
of the scaffold protein backbone with as many
hot spot residues as possible (14). Next, residues
from the hot spot residue libraries were incorpo-
rated onto the scaffold. First, for each Phe con-
formation in HS1, scaffold residues with backbone
atoms within 4 Å of the hot spot residue were
identified. For each of these candidate positions,
the scaffold protein was placed to coincide with
the backbone of the hot spot, the residue was
modeled explicitly, and the rigid-body orientation
was optimized. If no steric clashes were observed
and the Phe was in contact with Trp21 and Thr41

of HA2 (Fig. 2B), the placement of the first hot
spot residue was deemed successful; otherwise,
another HS1 Phe conformation was selected and
the process was repeated. For each success with
HS1, an attempt was made to realize the HS2
interactions by incorporating nonpolar residues at
appropriate positions in the scaffold protein, and
the remainder of the scaffold protein surface was
then redesigned using RosettaDesign (21).

Designing proteins also containing HS3 inter-
actions was more challenging because of the large
number of combinations of residue placements to
be considered. To generate designs containing all
three hot spot regions,we started by superimposing
the scaffold protein on the backbone of the Tyr
residue in HS3 (as for the Phe HS1 residue above).
We then searched for two positions on the scaffold
protein that were nearest to residues in HS1 and
HS2 and were best aligned to them (14). These
positions were then simultaneously designed to
Phe in the case of HS1 and to nonpolar residues
in the case of HS2. RosettaDesign (21) was
then used to redesign the remainder of the
interface on the scaffold protein, with sequence
changes allowed within a distance of 10 Å of
the HA.

Experimental and Structural Characterization
A total of 51 designs with the two–hot spot–
residue concept and 37 with the three-residue con-
cept were selected for testing (table S2 in SOM
text and supplemental coordinate files of all mod-
els). The designs are derived from 79 different
protein scaffolds and differ from the scaffold by
on average 11 mutations. Genes encoding the de-

signswere synthesized, cloned into a yeast-display
vector, and transformed into yeast strain EBY100
(22). Upon induction, the designed protein is
displayed on the cell surface as a fusion be-
tween the yeast Aga2p protein and a C-terminal
c-Myc tag. Cells expressing designs were in-
cubated with 1 mM of biotinylated SC1918/H1
[A/SouthCarolina/1/1918 (H1N1)]HAectodomain,
washed, and dual-labeled with phycoerythrin-
conjugated streptavidin and fluorescein-conjugated
antibody against c-Myc. Display of the de-
signed protein on the yeast surface and binding
to HA were simultaneously measured by flow
cytometry.

Of the 73 designs that displayed on the yeast
surface, 2 showed reproducible binding activity
toward the HA stem region (23) (table S2) (for
models, see Fig. 2, C to F). One design, HA
binder 36 (HB36) used the two-residue hot spot
and bound to the HA with an apparent dissoci-
ation constant (Kd) of 200 nM (24) (Fig. 2G and
fig. S4). The starting scaffold, structural genomics
target APC36109, a protein of unknown function
from Bacillus stearothermophilus [Protein Data
Bank (PDB) entry 1U84], did not bind HA (fig.
S4), which indicated that binding is mediated by

Fig. 1. Flow chart illustrating the key steps in the design of novel binding proteins. The thumbnails illustrate each step in the creation of binders that target
the stem of the 1918 HA. Abbreviations (29).
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the designed surface on HB36. A second design,
HB80, used the three-residue hot spot and bound
HA only weakly (Fig. 2H). The scaffold from
which this design was derived, the MYB domain
of the RAD transcription factor from Antirrhinum
majus (PDB code: 2CJJ) (25), again did not bind
the HA (fig. S5).

In the computational models of the two de-
signs (Fig. 2, C to F), the hot spot residues are
buttressed by a concentric arrangement of hy-
drophobic residues with an outer ring of polar
and charged residues as is often observed in
native protein-protein interfaces. Both designs
present a row of hydrophobic residues on a helix
that fits into the HA hydrophobic groove. The
complexes each bury ~1550Å2 surface area (total),
close to the mean value for dissociable protein
interactions (12) and slightly larger than the total
surface area buried by each of the two neutraliz-
ing antibodies (9, 10) (fig. S1). The helical bind-
ing modes in these designs are very different from
the loop-based binding observed in the antibody-
bound structures.

Affinity Maturation
The computational design protocol is far from
perfect; the energy function that guides design
contains numerous approximations (26), and con-
formational sampling is incomplete. We used af-
finity maturation to identify shortcomings in the

design protocol. Libraries of HB36 and HB80
variants were generated by single site–saturation
mutagenesis at the interface, or by error-prone
polymerase chain reaction (epPCR), and sub-
jected to two rounds of selection for binding to
HA using yeast surface display (22).

For both designed binders, the selections con-
verged on a small number of substitutions that
increase affinity and provide insight into how to
improve the underlying energy function. Among
the key contributions to the energetics of macro-
molecular interactions are short-range repulsive
interactions due to atomic overlaps, electrostatic
interactions between charged and polar atoms,
and the elimination of favorable interactions with
solvent (desolvation). The affinity-increasing
substitutions point to how each of these contribu-
tions can be better modeled in the initial design
calculations.

Repulsive interactions.ForHB36, replacement
of Ala60 with the isosteres Thr and Val increased
the apparent binding affinity 25-fold (apparentKd

values for all design variants are listed in Table 1).
These substitutions fill a void between the de-
signed protein and the HA surface, but were not
included in the original design because they were
disfavored by steric clashes within HB36 (Fig.
3A). Backbone minimization, however, readily
relieved these clashes and resulted in higher pre-
dicted affinity for the substitutions. More direct

incorporation of backbone minimization in the
design algorithm should allow identification of
such favorable interactions from the start. For
HB80, a M26T mutation significantly increased
binding compared with the starting design; mod-
eling suggested that Met26 disfavored the confor-
mation of the Tyr hot spot residue (Fig. 3B). The
design process should ensure that residues, which
make favorable interactions across the interface,
also make favorable interactions in the unbound
state of the designed protein.

Electrostatics. In HB36, the substitution with
Lys at position 64 places a complementary charge
adjacent to an acidic pocket on HA near the con-
served stem region (Fig. 3C); in HB80, an N36K
substitution positions a positive charge 6.5 Å
from the negative Asp19 on HA2 (Fig. 3D). These
substitutions enhance electrostatic complementar-
ity in the complex. The lysines were not selected
in the design calculations because the magnitude
of surface electrostatic interactions between atoms
outside of hydrogen-bonding range are largely
reduced; improvement of the electrostatic model
would evidently allow design of higher-affinity
binders from the start.

Desolvation. In HB36, eight different sub-
stitutions at Asp47 increased apparent affinity by
more than an order of magnitude compared with
the original design (table S3); the highest-affinity
substitution was D47S, which increased binding

Fig. 2. The HB36 and HB80 designs target the stem of the 1918 HA. (A)
Surface representation of the trimeric HA structure (PDB 3R2X) from the 1918
pandemic virus, with one of the three protomers highlighted in pink. Broadly
neutralizing antibody CR6261 binds a highly conserved epitope in the stem
region (blue patch on surface), close to the viral membrane (bottom). (B)
Enlarged view of the CR6261 epitope [blue region from (A)], with CR6261
contact residues depicted as sticks. This target site on HA contains a groove
lined by multiple hydrophobic residues. Loops on either side of this hydrophobic
groove (above and below) constrain access to this region. Key residues on HA2
are noted. (C and D) Front view of the designed interaction between HB36 (C)
and HB80 (D) and the target site on HA. HA is rotated ~45° relative to (A).

Contact segments of HB36 and HB80 are colored yellow, and residues are
depicted as sticks, with hot spot residues highlighted in orange (F49 and M53
for HB36 and L21, F25, and Y40 for HB80). Polar atoms of side chains are
shown in red (oxygen) and blue (nitrogen). For clarity, the noncontacting regions
from the designs have been omitted. (E and F) Side view of the designed
interactions of HB36 (E) and HB80 (F) with 1918/H1 HA. (G and H) Initial
binding data for HB36 (G) and HB80 (H) designs (before affinity maturation).
When incubated with 1 mM 1918 HA, yeast displaying the two designed proteins
show an increase in fluorescent phycoerythrin signal (x axis) compared with the
absence of 1918 HA. Coordinate files of models of 1918 HA in complex with
HB36 and HB80 are available as SOM.
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affinity about 40-fold. The design calculations
underestimated the energetic cost of desolvating
Asp47 by the aliphatic Ile18 on HA2 (Fig. 3E); the
substitutions remedy this error by replacing the
Asp with residues that are less costly to desolvate
upon binding. In HB80, a D12G substitution re-
lieves the desolvation by the neighboring Ile56 on
HA2 (Fig. 3F). With improvements in the solv-
ation model, the deleterious Asp residues would
not be present in starting designs.

The favorable substitutions were combined,
and the proteins were expressed with a His tag in
Escherichia coli and purified by nickel-affinity
and size-exclusion chromatography. The variant
HB36.3, incorporating the D47S and A60V sub-

stitutions, bound to SC1918/H1HA as confirmed
by surface plasmon resonance (SPR) (fig. S6),
enzyme-linked immunosorbent assay (ELISA),
and coelution on a size-exclusion column (fig. S7).
The HB36.4 variant, which incorporates D47S,
A60V, and N64K, bound to SC1918/H1HAwith
a dissociation constant measured by SPR of
22 nM and an off-rate of 7 × 10−3 s−1 (table S4).
Coincubation with an excess of CR6261 Fab abol-
ished binding to the HA (Fig. 3G), consistent
with HB36.4 binding in close proximity to the
same stem epitope on the HA. For the HB80
design, the combination of the affinity-increasing
mutations reduced surface expression on yeast,
indicative of poor stability. Therefore, we excised

a C-terminal stretch (D54–95) greatly boosting
surface expression of the design with no signif-
icant loss of binding affinity (fig. S9). HB80.3,
which incorporates the truncation as well as the
D12G, A24S, M26T, and N36K substitutions,
has a Kd = 38 nMwith off-rate of 4 × 10−2 s−1 by
SPR. As with HB36.4, coincubating HA with
the CR6261 Fab completely abolished binding
to HB80.3 (Fig. 3H), consistent with the de-
signed binding mode.

Alanine substitutions at core positions on each
affinity-matured design partially or completely
knocked out HA binding (table S5 and fig. S10),
which supported the computational models of the
designed interfaces (27). No mutations were un-
covered during selection for higher affinity that
were inconsistentwith the designed bindingmodes.

Crystal Structure of the HB36.3-SC1918
HA Complex
The crystal structure of HB36.3 in complex with
the SC1918 HA ectodomain was determined to
3.1 Å resolution. After molecular replacement
using only the 1918/H1 HA structure as the
search model (~86% of the protein mass in the
crystal asymmetric unit), clear electron density
was observed for HB36.3 near the target surface
in the HA stem region into which HB36.3 could
be unambiguously placed. The orientation was
essentially identical to the designed binding
mode, with the modified surface of the main
recognition helix packed in the hydrophobic
groove on HA (Fig. 4, A and B). To obtain
unbiased density for the designed side chains,
the native structure from which HB36.3 was

Fig. 3. Affinity maturation. Substitutions that increase the affinity of the
original designs reflect deficiencies in modeling the (A and B) repulsive
interactions HB36 A60V (A), HB80 M26T (B); (C and D) electrostatics HB36
N64K (C), HB80 N36K (D); and (E and F) solvation HB36 D47S (E), HB80

D12G (F). Binding titrations of HB36.4 (G) and HB80.3 (H) to SC1918/H1 HA
as measured by yeast surface display. Red circles represent the affinity-matured
design; blue squares, the scaffold protein from which the design is derived; and
black crosses, the design in the presence of 750 nM inhibitory CR6261 Fab.

Table 1. Summary of dissociation constants between SC1918/H1 HA and selected design variants.
Apparent Kd was determined using yeast surface display titrations. Numbers in parentheses indicate
Kd determined by SPR. NB, no binding.

Design Kd (nM)

1U84 (HB36 scaffold) NB (NB)
HB36 200 (>2000)
HB36 D47S 5
HA36 A60V 8
HB36.3 (HB36 D47S, A60V) 4 (29)
HB36.4 (HB36 D47S, A60V, N64K) 4 (22)
2CJJ (HB80 scaffold) NB
HB80 >5000
HB80 M26T 100
HB80 N36K 300
HB80 M26T N36K 7.5
HB80 D54-95, M26T, N36K 5
HB80.3 (HB80 D54-95, D12Gly, A24S, M26T, N36K) 3 (38)
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derived (PDB entry: 1U86) was manually fit
into the electron-density maps, and designed side
chains were pruned back to their b carbon. After
crystallographic refinement, electron density be-

came apparent for the side chains of most of
the contact residues on HB36.3, which allowed
the predominant rotamers to be assigned for
Phe49, Trp57, Phe61, and Phe69. This unbiased

density clearly shows that these four hydropho-
bic side chains are all positioned as in the de-
signed model (Fig. 4C). The Met53 side chain is
consistent with the design model, although other
rotamers could also be fit to the map. For Met56,
only very weak side-chain density was observed.
Overall, the crystal structure is in excellent agree-
ment with the designed interface, with no signif-
icant deviations at any of the contact positions.

Given the quite low (2 out of the 73 surface-
displayed proteins) design success rate and
starting affinities, the atomic-level agreement be-
tween the designed and experimentally determined
HB36.3–SC1918 HA complex is very encourag-
ing and suggests that, despite their shortcomings,
the current energy function and design method-
ology capture essential features of protein-protein
interactions.

Cross-Reactivity and Inhibitory Activity
The surface contacted by HB36.3 is accessible
and highly conserved in the HAs of most group
1 influenza viruses, which suggests that it may
be capable of binding not only other H1 HAs,
but also other HA subtypes. Indeed, binding of
HB36.3 to A/South Carolina/1/1918 (H1N1) and
A/WSN/1933 (H1N1) is readily detectable in
solution by gel filtration (fig. S7), as is high-
affinity binding of HB36.4 to A/Vietnam/1203/
2004 H5 subtype by yeast display (fig. S11).

Although a crystal structure of HB80 in com-
plex with HA has not been obtained, the muta-
tional data and the antibody-competition results
suggest that HB80 also binds to the designed target
surface and overlaps with HB36 and CR6261.
Consequently, HB80.3 is also expected to be high-
ly cross-reactive and, indeed, binds with high
affinity toA/Vietnam/1203/2004H5HA (fig. S11)
and to H1, H2, H5, and H6 subtypes in biolayer
interferometry experiments (Fig. 5, A and B).
Overall, HB80 binds most of the group 1 HAs
tested but does not have detectable binding to
group 2 HAs, mirroring the binding profile of
CR6261.

Antibody CR6261 inhibits influenza virus
replication by blocking the pH-induced refolding
of HA, which drives fusion of the viral envelope
with the endosomal membrane of the host cell.
Given extensive overlap between the HB80.3
and CR6261 binding sites and its high affinity for
SC1918 HA, it seemed plausible that HB80.3
would also block this conformational change.
Indeed, HB80.3 inhibits the pH-induced confor-
mational changes in both H1 and H5 HAs (Fig.
5C and fig. S12) (10), which suggests that this
design may have virus-neutralizing activity against
multiple influenza subtypes (28). Further work will
be needed to explore the potential utility of HB80.3
in a therapeutic or diagnostic setting, but these
results suggest that de novo computational design
of antiviral proteins is feasible.
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Interplay of Rotational, Relaxational,
and Shear Dynamics in Solid 4He
E. J. Pratt,1,2* B. Hunt,1,3* V. Gadagkar,1 M. Yamashita,4 M. J. Graf,5 A. V. Balatsky,5 J. C. Davis1,6,7†

Using a high-sensitivity torsional oscillator (TO) technique, we mapped the rotational and
relaxational dynamics of solid helium-4 (4He) throughout the parameter range of the proposed
supersolidity. We found evidence that the same microscopic excitations controlling the torsional
oscillator motions are generated independently by thermal and mechanical stimulation. Moreover,
a measure for the relaxation times of these excitations diverges smoothly without any indication
for a critical temperature or critical velocity of a supersolid transition. Finally, we demonstrated
that the combined temperature-velocity dependence of the TO response is indistinguishable
from the combined temperature-strain dependence of the solid’s shear modulus. This implies
that the rotational responses of solid 4He attributed to supersolidity are associated with
generation of the same microscopic excitations as those produced by direct shear strain.

Solid 4Hemay become a supersolid (1) when
its temperature T and mass-flow velocity V
fall below their critical (2) values Tc and

Vc. Indeed, torsional oscillator (TO) studies (3, 4)
reveal that the resonant angular frequency of
rotation w increases rapidly below both T ~ 250
mK and rim velocity V ~ 10−4 ms−1, as if su-
perfluid inertia decouples at a critical temperature
and velocity. Thesew increases (3–10) are greatly
diminished by blocking the TO annulus (4, 11),
as if superfluid inertia is thereby reconnected.

Signatures in the heat capacity ascribed to
supersolidity also occur in this same temperature
range (12). However, direct mass-flow studies
detect maximum currents that are far smaller than
those implied by the TO experiments (13–15).
Moreover, the temperature dependence of the
resonance frequency f(T) = w(T )/2p of TOs
containing solid 4He (3–11) resembles closely
that of its shear modulus m(T) (16). Coincident
with the maximum rates of increase of f (T) and
m(T) aremaxima in TO dissipation (4–6, 8, 9) and

shear dissipation (16, 17), respectively. Such ef-
fects should not exist during a bulk Bose-Einstein
condensation transition, although they do occur in
the Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition of a superfluid film (18) [see Supporting
Online Material (SOM) section I (19)]. Final-
ly, the increases in both f and m are quickly
extinguished by increasing TO maximum rim
velocity V (3–8, 10) or shear strain e (16, 20),
respectively.

Several theoretical models have been pro-
posed to explain the unexpectedly complex ro-
tational dynamics of solid 4He. The first is a
simple supersolid (1) in which Bose-Einstein
condensation of vacancies produces an inter-
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Interplay of Rotational, Relaxational,
and Shear Dynamics in Solid 4He
E. J. Pratt,1,2* B. Hunt,1,3* V. Gadagkar,1 M. Yamashita,4 M. J. Graf,5 A. V. Balatsky,5 J. C. Davis1,6,7†

Using a high-sensitivity torsional oscillator (TO) technique, we mapped the rotational and
relaxational dynamics of solid helium-4 (4He) throughout the parameter range of the proposed
supersolidity. We found evidence that the same microscopic excitations controlling the torsional
oscillator motions are generated independently by thermal and mechanical stimulation. Moreover,
a measure for the relaxation times of these excitations diverges smoothly without any indication
for a critical temperature or critical velocity of a supersolid transition. Finally, we demonstrated
that the combined temperature-velocity dependence of the TO response is indistinguishable
from the combined temperature-strain dependence of the solid’s shear modulus. This implies
that the rotational responses of solid 4He attributed to supersolidity are associated with
generation of the same microscopic excitations as those produced by direct shear strain.

Solid 4Hemay become a supersolid (1) when
its temperature T and mass-flow velocity V
fall below their critical (2) values Tc and

Vc. Indeed, torsional oscillator (TO) studies (3, 4)
reveal that the resonant angular frequency of
rotation w increases rapidly below both T ~ 250
mK and rim velocity V ~ 10−4 ms−1, as if su-
perfluid inertia decouples at a critical temperature
and velocity. Thesew increases (3–10) are greatly
diminished by blocking the TO annulus (4, 11),
as if superfluid inertia is thereby reconnected.

Signatures in the heat capacity ascribed to
supersolidity also occur in this same temperature
range (12). However, direct mass-flow studies
detect maximum currents that are far smaller than
those implied by the TO experiments (13–15).
Moreover, the temperature dependence of the
resonance frequency f(T) = w(T )/2p of TOs
containing solid 4He (3–11) resembles closely
that of its shear modulus m(T) (16). Coincident
with the maximum rates of increase of f (T) and
m(T) aremaxima in TO dissipation (4–6, 8, 9) and

shear dissipation (16, 17), respectively. Such ef-
fects should not exist during a bulk Bose-Einstein
condensation transition, although they do occur in
the Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition of a superfluid film (18) [see Supporting
Online Material (SOM) section I (19)]. Final-
ly, the increases in both f and m are quickly
extinguished by increasing TO maximum rim
velocity V (3–8, 10) or shear strain e (16, 20),
respectively.

Several theoretical models have been pro-
posed to explain the unexpectedly complex ro-
tational dynamics of solid 4He. The first is a
simple supersolid (1) in which Bose-Einstein
condensation of vacancies produces an inter-
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Fig. 1. TO resonant frequency shift f (T ) (A) and
dissipation data (B) mapped throughout the V-T
plane. Ninety-eight free inertial decay curves (each
at a different temperature) were smoothly interpo-
lated into the two color-coded surfaces displayed
here on identical log-log axes. The low-velocity max-
imum frequency shift (~30 mHz) would correspond
to a superfluid fraction of 5.6%.
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penetrating superfluid with well-defined Tc and
Vc. The second is an incipient supersolid lacking
long-range phase coherence (21, 22). A third
class of model posits disorder-induced super-
fluidity (9, 23–29). The final proposal is that
solid 4He contains a population of inertially ac-
tive crystal excitations (30–35), whose relaxation
time t lengthens smoothly with falling T and V.

These excitations are variously proposed to be
a dynamical network of pinned dislocations
(17, 30, 35), atomic-scale tunneling two-level
systems (34), or the glassy response of defects
distributed throughout the solid (31–33). All mod-
els positing inertially active crystal excitations
have the property that, as t(Τ) passes through the
condition wt = 1, a strong maximum in |df/dT |

and TO dissipation D should occur (9, 31–35),
even though there is no supersolid Tc and Vc. By
contrast, a bulk superfluid phase transition should
exhibit clear signatures of both Tc and Vc (2). One
way to distinguish between such models is to
determine the evolution of microscopic relaxa-
tional time constants t, in search of either the
smoothly diverging t of a system governed by
wt = 1 phenomenology or the sudden changes
expected in t at a thermodynamic Tc and/or Vc.

An unbiased approach to TO studies of solid
4He can be achieved by using the TO rota-
tional susceptibility cðw,TÞ ¼ qðw,TÞ=GðwÞ (9).
Here, qðw,TÞ represents the amplitude of angular
displacement as a function ofw and T in response
to a harmonic torque GðwÞ of constant magni-
tude. Then (31–33)

c−1ðw,TÞ ¼ K − Iw2 − igw − c−14Heðw,TÞ ð1Þ
represents the properties of the bare TO plus the
“back action” of the solid 4He upon it through the
solid’s rotational susceptibility c−14Heðw,TÞ. Here,
I is the combinedmoment of inertia of the TO plus
4He at zero temperature, K is the torsional spring
constant, and g is the TO damping constant. To
clarify these concepts, we consider a Debye ro-
tational susceptibility c−14HeðTÞ ¼ g=½1− iw0tðTÞ�
(9, 31–33) with relaxational time constants t(T)
increasing with decreasing T. For this susceptibility

Imðc−14HeÞ
Reðc−14HeÞ

¼ DðTÞf ð0Þ
2½ f ð0Þ − f ðTÞ� ¼ w0tðTÞ ð2Þ

where Reðc−14HeÞ and Imðc−14HeÞ are its real and
imaginary parts, respectively (32), and D(T ) =
Q−1(T ) –Q−1(T→∞) is the inverse contribution
to the TO quality factor Q from the solid 4He.
Access to t(T ) for the microscopic excitations
is therefore possible in principle from measure-
ments of Reðc−14HeÞ and Imðc−14HeÞ.

Following this approach, we mapped the
rotational susceptibility of a TO containing solid
4He throughout the V-T plane (SOM section II).
The results in Fig. 1, A andB, reveal immediately
that the frequency increase and dissipation peak
are bounded by closely corresponding V-T con-
tours. Thus, the same unexplained dissipation
seen with falling temperature near the proposed
supersolid Tc is found also with diminishing V in
the range of the proposed (3, 4) supersolid Vc.
The highly similar contours of both f (T,V ) and
D(T,V) also reveal that the maxima in |df/dT | and
D are always linked, as if controlled by some com-
bined function of T and V. Similar results were
observed in all three distinct solid 4He samples
studied.

Next, we compared the solid 4He rotational
dynamics versus TasV→0 to those versusV 0.5 as
T→0 (the rationale for V 0.5 will become clear
below). Figure 2, A and C, shows f (T )|V→0 and
D(T )|V→0, whereas Fig. 2, B and D, shows
f(V )|T→0 and D(V )|T→0 (Fig. 1 data used are
identified in fig. S5). Figure 2 reveals a striking
and unexpected similarity between the results of
what, for a simple superfluid, would be two com-
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pletely different experiments (one stimulating the
sample thermally and the other mechanically). To
examine this, we define an empirical measure tE
of relaxation times for any combination of TandV.

tE ðT ,V Þ ¼
DðT ,V Þ f ð0Þ

2w0½ f ð0Þ − f ðT ,V Þ� ð3Þ

In Fig. 2E, we show logtE(T) plotted versus
log(T/T*) for the lowest rim velocity data (Fig. 2,
A and C). In Fig. 2F, logtE(V) is likewise plotted
versus log(V/V*) for the lowest temperature data
(Figs. 2, B and D). Here, we define T* and V*
as the temperature and rim velocity, respectively,
at which half the total frequency shift has oc-
curred (Fig. 1 and Fig. 2, A and B). This analysis
reveals that the tE diverges smoothly as T z with
z ¼ −2:75 T 0:1 when V→0 and as V l with
l ¼ −1:17 T 0:05 when T→0. Thus, the effects
of temperature on f(T)|V→0 andD(T)|V→0 appear
identical to those of rim velocity on f (V g )|T→0 and
D(V g)|T→0, respectively, where g ¼ l=z ¼ 0:43
is the ratio of power-law exponents. Figure 2, E
and F, also shows that no matter how complex
the actual rotational dynamics (Fig. 2, A to D),
the peak in D is always canceled by the peak in
|df/dT | to produce smoothly diverging functions
tE(T)|V→0 and tE(V)|T→0 (fig. S7). Microscopic
relaxational processes represented by tE should
change dramatically at a superfluid phase tran-
sition; an excellent example of this is seen in
tE(T) at the BKT superfluid phase transition of
liquid 4He, shown in the inset to Fig. 2E (fig. S1).
However, no indications of the sudden change
that would signify the supersolid Tc or Vc exist in
Fig. 2, E and F. Instead, tE exhibits everywhere
the smooth divergence expected in wt = 1 models.

Figures 1 and 2 provide direct empirical evi-
dence that the effects of T and V on the TO are
intimately related to each other. One may there-
fore ask whether a single Debye-like rotational
susceptibility could describe the whole V-T plane
dynamics in Fig. 1 when the effects of V on the
relaxation time t are correctly incorporated. Hy-
pothesizing a total relaxation rate 1/tðT ,V Þ due to
a combination of two effects

1

tðT ,V Þ ¼ 1

tðTÞ þ
1

tðV Þ ð4Þ

along with the knowledge that the overall phenom-
enology appears identical as a function of T z |V→0

and V l|T→0 (Fig. 2) and interpolates smoothly be-
tween these limits (Fig. 1), yields an ansatz.

1

tðT ,V Þ ¼
S
T z

þ L
V l

ð5Þ

Here,S andL quantify the relative contributions to
the relaxation rate from thermally andmechanically
stimulated excitations (SOM section IV). Figure
3A shows that by using this ansatz, virtually all the
complex solid 4He rotational dynamics in f(T,V )
andD(T,V ) of Fig. 1 can be collapsed onto just two
functions, Reðc−1Þ and Imðc−1Þ, merely by plot-

ting f ½ðT*=TÞz þ ðV*=V Þl� and D½ðT*=TÞz þ
ðV*=V Þl�. Moreover, this apparent unification of
rotational dynamics implies that Eq. 3 could yield
a comprehensive image of tΕ(T,V) throughout
the V-T plane by dividing all the data in Fig. 1B
by that in Fig. 1A, as shown in Fig. 3B. Although
the proposed V-T ranges for a supersolid phase
transition (3, 4, 12) are at or below the dashed
T*-V* contour, the tΕ surface exhibits every-
where the smoothly diverging relaxation processes
expected in wt = 1 models. We emphasize here
that all the above results (Figs. 1 to 3) are in-
dependent of any choice of c−14HeðT ,V Þ and there-
fore strongly constrain eventual microscopic
models for the dynamics of solid 4He.

Figures 1 and 2 provide evidence that the
identical microscopic excitations are being gen-
erated by thermal and mechanical stimulation and
that the overall rotational dynamics in f(V,T) and
D(V,T) are consistent with a single wt = 1 mecha-
nism that is controlled by a relaxation rate
ðT*=TÞz þ ðV*=V Þl due to the combined influ-
ences from these two sources (Fig. 3). Because
these unified dynamics also appear inconsistent
with expectations for Tc or Vc of a superfluid tran-
sition (2), one must ask which model could ac-
count for them. Because the solid 4He shear
modulus m(T) exhibits a very similar temperature
dependence to f(T) (16), and because this shear
stiffening effect is extinguished by a character-
istic strain as opposed to a critical velocity (20), a
key question has been whether excitations gen-
erated by direct shearing are the same as those
controlling the TO dynamics.

Our approach provides an opportunity to ad-
dress this issue. If crystal excitations induced by
inertial strain e in the TO (where e º V) are the
cause of the anomalous rotational dynamics, then
the indistinguishable structure of f (T )|V→0 and
f(V g )|T→0 (Fig. 4A) should be mirrored by an
equivalently indistinguishable relationship in
shear modulus between m(Τ)|e→0 and m(eg)|Τ→0.
When the measured m from (20) is plotted simul-
taneously versus T and eg in Fig. 4B (using the
power-law ratio g derived from our TO studies),
this is precisely what we find. That the com-
bined temperature-velocity dependence of the
TO response mirrors quantitatively the combined
temperature-strain dependence of the shear mod-
ulus, along with the original observation that
m(T) tracks f(T) (16), implies that the rotational
dynamics of solid 4He are associated with the
generation (presumably by inertial shearing) of
the same type of microscopic excitations that are
generated by direct shear strain e. These con-
clusions appear to be in good accord with the
observed smoothly diverging microscopic relax-
ation times as expected of wt = 1 models (Fig. 3)
and with the absence of a signature in tEðT,V Þ
for the Tc or Vc of a supersolid phase transition
(Figs. 2 and 3). These results will motivate efforts
to (i) identify directly whether the microscopic
excitations are crystal dislocations as implied and
(ii) determine whether they admit any associated
zero-frequency contribution to the rotational sus-

ceptibility that would represent a superfluid com-
ponent (9).
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Very Large Capacitance
Enhancement in a Two-Dimensional
Electron System
Lu Li,1 C. Richter,2 S. Paetel,2 T. Kopp,2 J. Mannhart,2 R. C. Ashoori1*

Increases in the gate capacitance of field-effect transistor structures allow the production of
lower-power devices that are compatible with higher clock rates, driving the race for developing
high-k dielectrics. However, many-body effects in an electronic system can also enhance
capacitance. Onto the electron system that forms at the LaAlO3/SrTiO3 interface, we fabricated
top-gate electrodes that can fully deplete the interface of all mobile electrons. Near depletion, we
found a greater than 40% enhancement of the gate capacitance. Using an electric-field
penetration measurement method, we show that this capacitance originates from a negative
compressibility of the interface electron system. Capacitance enhancement exists at room
temperature and arises at low electron densities, in which disorder is strong and the in-plane
conductance is much smaller than the quantum conductance.

The concept of negative compressibility
describes an effect of electron-electron
interactions, in which the exchange and

correlation energies among electrons lower the
chemical potential of an electron system as the
electron density increases (1–9). This effect has
been observed to enhance the capacitance of
semiconductor two-dimensional (2D) electronic
systems by a few percent (7) beyond the expected
geometric capacitance. Here, we report very large
capacitance enhancements (>40%) in capacitor
devices that are made with the electron system
generated at the TiO2-terminated LaAlO3/SrTiO3

(LAO/STO) interface (10, 11). Simple modifi-
cations to the structures described could yield a
capacitance enhancement greater than 100%.
Strong electronic correlations (12–14) may be
used to engineer yet larger capacitances (15).

We fabricated capacitor devices on LAO/
STO heterostructures through in situ growth of
YBa2Cu3O7-d (YBCO) or Au films on the sur-
face of the LAO. As shown in Fig. 1A, we then

patterned the films on top of the LAO surface.
Nb films were deposited into ion-milled holes to
make ohmic contacts to the conductive layer at
the LAO/STO interface (16). Each top gate pro-
vides a two-terminal capacitor. The thickness of
the LAO layer was either 10 or 12 unit cells. A
photograph of a sample is displayed in Fig. 1B,
with electrical leads wire-bonded to the ohmic
contacts near the edge of the wafer and a lead
connected to a circular top gate.

The two-terminal capacitance of the capacitor
device was measured with a home-built capaci-
tance bridge, which enabled us to measure the
capacitance in the frequency range between 1 Hz
to 2 MHz with ~20-mrad resolution in the phase
measurement of the impedance. We were able to
vary the DC voltage on the top gate and track
the capacitance change with gate voltage (16).

We measured the capacitance between a top
gate and the interface at frequencies f ranging
from 8 to 2000 Hz while varying a top gate
voltage Vg. Device 1 was fabricated on a sample
with 12 unit cells of LAO. On the top surface of
the LAO film, a circular YBCO top gate with a
diameter of 200 mm was patterned. Figure 2A
displays the capacitance C versus Vg curves of
device 1 at 4.2 K. Similar curves are shown in
Fig. 2B for device 2 with an LAO thickness of

10 unit cells and a 350-mm-diameter YBCO top
gate. Substantial leakage (resistances less than
5 megohms) through the LAO barrier occurred
at voltages to the left of the red line in Fig. 2A
and to the right of the red line in Fig. 2B. Data
in these regions were not used in the analysis
because the leakage resistance dropped to the
magnitude of the in-plane resistance. We expect
that such leakage current alters the voltage across
the device and changes the charge distribution
within the sample. By examining the capacitance
at high electron densities at which interaction
effects on the capacitance are usually small, we
determined the dielectric constant of the insulating
LAO layer. Given the capacitance values at Vg =
0 and at large positive Vg for device 1, the size
of the gate, and the thickness of the LAO film,
we found the LAO dielectric constantD ~ 18D0,
where D0 is the dielectric constant of vacuum.
This value is lower than the dielectric constant
of single crystals of LAO but agrees with one of
the molecular beam epitaxy–grown films (17).

Both of the capacitor devices showed a sharp
depletion signal at well-defined gate fields. For
device 1, at Vg < 0.2 V the capacitance is strong-
ly diminished, which suggests that the electron
density underneath the circular gate was sub-
stantially suppressed by the electric field. For
device 2, a positive Vg ≥ 0.28 V is needed to
create a conducting channel underneath the top
gate. In this case, we observed a clear and sharp
depletion in the capacitance curves, which sug-
gests that the mobile carrier density at the inter-
face is tuned to zero by Vg.

For device 2, the interface underneath the
gate was not conductive at Vg = 0, even though
the regions away from the YBCO circular pads
were conductive (the two-terminal resistance be-
tween the Nb ohmic contacts is of order 500 ohms
at 4.2 K). In testing these samples during at
least four different coolings from room temper-
ature to 4.2 K for each sample, we noticed that
the depletion voltage varied slightly with ther-
mal cycling. However, the depletion voltage of
devices with 12–unit cell LAO was always neg-
ative, whereas that for devices with 10–unit cell
LAO layers was positive. This difference sug-
gests that the YBCO top gate tends to deplete
the interface underneath the gate: The larger the

1Department of Physics, Massachusetts Institute of Technology
(MIT), Cambridge, MA 02139, USA. 2Center for Electronic Cor-
relations and Magnetism, University of Augsburg, Augsburg
86135, Germany.

*To whom correspondence should be addressed. E-mail:
ashoori@mit.edu

Fig. 1. Sample layout
and capacitance bridge
setup. (A) Sketch of the
oxide interface layout.
A thin layer of LAO (10
or 12 unit cells thick) is
deposited onto the top
of a TiO2-terminated STO
substrate. YBCO top gates
are deposited and pat-
ternedabove the LAO layer,
and Nb ohmic contacts are deposited close to the corners of the wafer. (B)
Picture of a YBCO/LAO/STO sample with leads attached. The wafer is square
with a side length of 5 mm. The diameter of the YBCO circular top gates varies
between 50 and 500 mm. (C) Setup sketch of the capacitance bridge. In one
arm of the bridge, C stands for the sample capacitor, excited by an ac excita-

tion voltage Ve. In the other arm, another ac voltage Vs with the same fre-
quency is applied to a standard capacitor Cs. The signal at the balancing point
is measured with a pre-amplifier and a lock-in amplifier. During the mea-
surement, with the phase and the amplitude of Ve held stable, Vs is varied both
in phase and in amplitude to null the signals at the balancing point.

Ve VbCsC

pre-amplifier

  lock-in 
amplifier

LAO film

1 mm STO

    top gate 
100 nm YBCO

ohmic contact
200 nm Nb

balancing pointA B C
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distance is between the interface and the gate,
the smaller is the depletion effect. This response
might be attributable to the difference between
the work function of YBCO and the vacuum, to
the polar nature of the YBCO ionic layers, or to
strain by lattice mismatch.

Near depletion, we observed a large enhance-
ment of the capacitance, shown in detail in the
inset of Fig. 2A. At its peak, the capacitance
considerably exceeds Chd, the capacitance at high
densities Chd ~ Cgeom = DA/d, where A and d
are the cross sections and the dielectric thick-
nesses of the capacitors, respectively. The differ-
ence between Chd and Cgeom is usually small.
(Below, all the Cgeom values are treated to be the
same as Chd.) The capacitance upturn at small
n, where n is the carrier density, was observed at
low frequency ( f < 15 Hz). As shown by Fig.
2A, as the frequency f decreases from 20 kHz
to 20 Hz, C is independent of frequency over a
large range of Vg. However, at low densities the
peak in C continues to grow and moves to lower
Vg as f is reduced. This frequency dependence is
reproduced in other devices. Figure 2B shows
the C – Vg curves of device 2 with 10–unit cell
LAO film, displaying a considerably larger low-
density capacitance enhancement than that of
device 1. For measurements at two different fre-
quencies, the upturns coincide between 0.33 V ≤
Vg ≤ 0.4 V. Below Vg = 0.33 V, the curve taken
at f = 14.231 Hz diminishes, whereas that at f =
5 Hz keeps increasing and drops at lower Vg.
The overlapping part of these two capacitance
curves is the dc limit of the capacitance curve.
In this regime, the out-of-phase charging signal
stays small, displaying a different trend (16).

Measuring at frequencies as low as 5 Hz, we
have not found a limit to the divergence. For these
low frequencies, we observed a >40% enhance-
ment in the sample capacitance, which is far larger
than ever previously observed, even in high-
mobility GaAs-based devices (7). Presumably,
at sufficiently low frequencies disorder and the
proximity of the metal-insulator phase tran-
sition limits the sharpness of the upturn. The
greater capacitance upturn in device 2 (10 unit
cells thick) than that in device 1 (12 unit cells
thick) may reflect less disorder. The capaci-
tance enhancement observed at low frequencies
does not arise from the frequency dependence
of the LAO dielectric constant. Instead, the low-
frequency upturn arises from the large RC-time
constants of the devices. Because the mobile car-
rier density is strongly suppressed near the de-
pletion (16), the resistance R of the long-distance
lateral current path through the interface is high.

As a quantum paraelectric (18), STO is
ferroelectric-like at low temperature, at which
its dielectric constant is enhanced greatly. The
enhancement of STO dielectric constant van-
ishes above 30 to 50 K. However, we still ob-
served a capacitance enhancement similar to the
one found at 4 K at room temperature. Figure
2C shows the C – Vg curves (16) close to the
depletion in device 3. In this device, a circular

Au pad with 350 mm was deposited to serve as
top gate because it was found that at 300 K,
gold caused less leakage than did YBCO (16).
Although a leakage current to the gate appeared
below –0.6 V [the gate-to-channel resistance drops
to the megohm range near depletion (fig. S3)
(16)], the room-temperature C – Vg curves are
similar to those of the YBCO-gated devices
shown in Fig. 2, A and B. As Vg decreased from
0 V, C decreased slowly. However, near deple-

tion C increased rapidly at low f. Measured at
f = 5 Hz, the peak of C was 10% greater than
that of Chd. This room-temperature behavior pro-
vides additional evidence ruling out anomalies
of the dielectric function of STO as the origin of
the capacitance enhancement.

Charging a capacitor C with charge e does not
simply require a change in voltage dV = e/Cgeom.
Because of the finite dn/dm, an extra voltage
(dm /dn)/eA is required, where m is the chemical

Chd

Chd

e Cgeom

Cq

e

Device 1  12 u.c. LAO
circular top gate with d = 200 µm

-5 -4 -3 -2 -1 0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
Device 3          12 u.c. LAO
circular top gate with d = 350 µm

 

 

C
 (

 n
F

 )

V
g
 ( V )

 f = 5 Hz
 f = 7 Hz
 f = 8 Hz
 f = 11 Hz
 f = 14 Hz
 f = 100 Hz

Chd

T = 4.2 K
T = 4.2 K

T = 300 K

A B

C D

f

f

µ

Fig. 2. The gate voltage dependence of the capacitance. (A) The C versus Vg curve of device 1 with
a diameter of 200 mm and LAO 12 unit cells thick. The curves are taken at T = 4.2 K at various
frequencies between 8 and 2000 Hz. The capacitance at high carrier density Chd is marked with an
arrow. As shown in the inset for the region near depletion, the capacitance values increase and exceed
Chd. At Vg smaller than –0.22 V, marked by the red dashed line, the capacitance curves are frequency
dependent, which is probably a result of dc leakage through the LAO barrier. (B) The C – Vg curve of
device 2 with diameter 350 mm and LAO 10 unit cells thick. The enhancement of the capacitance is
even more pronounced because the peak of C is about 40% larger than Chd at f = 5 Hz. For this device,
a leakage current develops at higher Vg, and the 5 Hz capacitance measurement becomes noisier. The
red dashed line indicates a leakage resistance of 5 megohms. (C) The C – Vg curve of device 3 with
350 mm gold top gate and LAO 12 unit cells thick, measured at room temperature. (D) Equivalent
circuit of geometric capacitance Cgeom and the quantum capacitance Cq. The charging of the electrodes
is represented by arrows. The geometric capacitance Cgeom is determined by the device dimensions,
marked as Chd in (A) to (C).
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potential. As shown in Fig. 2D, the measured
capacitance C is the in-series combination of the
geometric capacitance Cgeom and the quantum
capacitance Cq = Ae2dn/dm:

1/C = 1/Cgeom + 1/Cq

= 1/Cgeom + 1/[Ae2(dn/dm)]

The observed enhancement of C reveals that
dn/dm is negative, providing evidence for a neg-
ative electronic compressibility (3). In measure-

ments that display negative compressibility in
semiconductor samples, the effect arises from the
electron-electron interactions beyond the Hartree
approximation (1, 2). These interactions increase
the chemical potential with decreasing electron
density.

One consequence of the negative quantum
capacitance is that the interface overscreens the
external electric fields (4–8). To explore the pos-
sible existence of this overscreening effect, we
carried out a field penetration measurement using
a technique developed by Eisenstein (4, 5). As

shown in Fig. 3A, the interface was grounded,
and we measured the current to the top gate as
we applied a small ac excitation voltage Vac on
the back gate. The current Iy is proportional to
the electric field penetrating from the back gate
through the grounded interface (16). The results
are shown in Fig. 3, B and C, in which Iy/f is
proportional to dm /dn, the inverse of the com-
pressibility. A negative divergence of the pene-
tration field occurs close to depletion, at which
the carrier density is below 2 × 1012 cm–2. Here,
the carrier density is estimated by integrating the

δV

δΙ

E0

Ep

back gate

top gate

interface

A B C

T

Tf

f

f

Fig. 3. Penetration field measurement. (A) Sketch of the mea-
surement setup. With the interface grounded, we applied an
external electric field E0 from the back gate to the interface
and detected the electric field that penetrates the grounded
interface layer. The penetration field Ep is determined by
measuring the current from the device top gate. (B) The penetration current
Iy divided by the measurement frequency for device 1 at T = 4.2 K measured
at three excitation frequencies. At Vg near zero, the penetration current is
proportional to f and is constant over a broad range of –0.05 V ≤ Vg ≤ 0.05
V. For Vg < –0.18 V, Iy/f displays a frequency dependence, which is
probably caused by effects of current leakage through the LAO layer. (C)

The penetration signal for device 2 at T = 4.2 K measured at two selected
frequencies. At 0.31 V < Vg < 0.34 V, the negative values of the pene-
tration current demonstrate that Ep is opposite to E0; the conductive in-
terface overscreens the external fields at low carrier densities. At larger Vg >
0.37 V, again a f-dependent signal is present, together with a measurable
current leakage through the LAO barrier.

(1)

107

106

105

104

5

8
7

A B C

Tf
f
f

Fig. 4. The inverse of compressibility dm /dn determined from penetration
field measurements on (A) device 1 and (B) device 2. The electron density
at the interface is determined by integrating the C versus Vg curve at the
lowest frequency achieved. (C) The density n dependence of the lateral re-

sistivity of a different device fabricated in the same 10–unit cell LAO/STO
wafer. The device diameter is 500 mm. The resistivity is determined by tracking
the frequency dependence of the out-of-phase charging signals (figs. S1 and
S2) (16).
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capacitance between the top gate and the inter-
face at the lowest measurement frequency. The
negative current observed at low carrier den-
sities reveals that the electric field penetrating
through the metallic interface is negative, which
arises from overscreening of the external field
by the mobile electrons at the LAO/STO inter-
face. Such a negative signal cannot be recon-
ciled with any change of the dielectric properties
of the LAO layer or the STO substrate. To fur-
ther explore the electronic properties of the inter-
face, we follow the analysis of (6), which has
shown that for low frequencies f the penetration
current Iy goes as

Iy = 2pfC1C2Vac/Cq

where C2 is the geometric capacitance between
the top gate and the interface and C1 is that be-
tween the back gate and the interface normal-
ized by the area of the top gate. We measured
C1 and C2 directly. For device 1, C1 = 4.67 pF,
C2 = 1.1 nF, and Vac = 20 mV. For device 2, C1 =
14.3 pF, C2 = 4.01 nF, and Vac =10 mV. [For
device 3, the penetration signal was small and
difficult to resolve at 300 K because the STO
dielectric constant decreases by three orders of
magnitude (figs. S4 and S5)].

For device 1, at Vg < –0.18 V, the penetration
current Iy was no longer proportional to f, which
might be attributed to the dc leakage in this
region, although we do not know the precise
mechanism by which a dc leakage would affect
the measurement. The same deviation occurred
with device 2 at positive Vg > 0.37 V. Thus, we
excluded these regions in the analysis.

Using the penetration current data, we deter-
mined the quantum capacitance Cq and used
Eq. 2 to compute dm/dn. Figure 4, A and B,
shows the dm /dn(n) dependence of devices 1 and
2, respectively. The zero of density was not well
defined because the measurement frequency at
very small densities was not sufficiently low to
charge the device fully. In a wide-density range,
dm/dn stayed negative, which provides direct evi-
dence of the negative compressibility of the in-
terface electron system.

The observed enhancement of capacitance
and negative compressibility exist in a disordered
electron system. As shown in Fig. 4C, near de-
pletion the sheet resistivity of the interfacial
layer becomes much larger than the resistance
quantum h/e2. Thus, the electrons are localized
at low densities, and the system is well outside the
range of the free electron approximation (figs.
S1 and S2).

The large capacitance enhancement that re-
sults from the negative compressibility offers
a possible gating mechanism to switch transis-
tors by using small gate voltages. This could
diminish heating in future devices (15, 19, 20).
We emphasize that the observed large enhance-
ment of C is affected by the large geometric ca-
pacitance Cgeom. Taking derivatives on both sides
of Eq. 1, we get dC/C = CdCq/Cq

2; a device with

larger Cgeom per unit area will have a larger rela-
tive enhancement of the total capacitance. An
interface capacitor device with a thinner LaAlO3

layer may thus reveal an even larger capacitance
enhancement at low carrier densities. As mate-
rial quality improves, it is plausible that at low
densities the effective gate-layer capacitance
could increase to several times the geometric val-
ue. Transistors fashioned from the oxide interface
or other systems with small carrier densities could
then have an effectively very “high-k” electrode,
allowing the creation of small transistors that
switch at low voltages and minimal gate-to-
channel leakage (20).
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capacitance between the top gate and the inter-
face at the lowest measurement frequency. The
negative current observed at low carrier den-
sities reveals that the electric field penetrating
through the metallic interface is negative, which
arises from overscreening of the external field
by the mobile electrons at the LAO/STO inter-
face. Such a negative signal cannot be recon-
ciled with any change of the dielectric properties
of the LAO layer or the STO substrate. To fur-
ther explore the electronic properties of the inter-
face, we follow the analysis of (6), which has
shown that for low frequencies f the penetration
current Iy goes as

Iy = 2pfC1C2Vac/Cq

where C2 is the geometric capacitance between
the top gate and the interface and C1 is that be-
tween the back gate and the interface normal-
ized by the area of the top gate. We measured
C1 and C2 directly. For device 1, C1 = 4.67 pF,
C2 = 1.1 nF, and Vac = 20 mV. For device 2, C1 =
14.3 pF, C2 = 4.01 nF, and Vac =10 mV. [For
device 3, the penetration signal was small and
difficult to resolve at 300 K because the STO
dielectric constant decreases by three orders of
magnitude (figs. S4 and S5)].

For device 1, at Vg < –0.18 V, the penetration
current Iy was no longer proportional to f, which
might be attributed to the dc leakage in this
region, although we do not know the precise
mechanism by which a dc leakage would affect
the measurement. The same deviation occurred
with device 2 at positive Vg > 0.37 V. Thus, we
excluded these regions in the analysis.

Using the penetration current data, we deter-
mined the quantum capacitance Cq and used
Eq. 2 to compute dm/dn. Figure 4, A and B,
shows the dm /dn(n) dependence of devices 1 and
2, respectively. The zero of density was not well
defined because the measurement frequency at
very small densities was not sufficiently low to
charge the device fully. In a wide-density range,
dm/dn stayed negative, which provides direct evi-
dence of the negative compressibility of the in-
terface electron system.

The observed enhancement of capacitance
and negative compressibility exist in a disordered
electron system. As shown in Fig. 4C, near de-
pletion the sheet resistivity of the interfacial
layer becomes much larger than the resistance
quantum h/e2. Thus, the electrons are localized
at low densities, and the system is well outside the
range of the free electron approximation (figs.
S1 and S2).

The large capacitance enhancement that re-
sults from the negative compressibility offers
a possible gating mechanism to switch transis-
tors by using small gate voltages. This could
diminish heating in future devices (15, 19, 20).
We emphasize that the observed large enhance-
ment of C is affected by the large geometric ca-
pacitance Cgeom. Taking derivatives on both sides
of Eq. 1, we get dC/C = CdCq/Cq

2; a device with

larger Cgeom per unit area will have a larger rela-
tive enhancement of the total capacitance. An
interface capacitor device with a thinner LaAlO3

layer may thus reveal an even larger capacitance
enhancement at low carrier densities. As mate-
rial quality improves, it is plausible that at low
densities the effective gate-layer capacitance
could increase to several times the geometric val-
ue. Transistors fashioned from the oxide interface
or other systems with small carrier densities could
then have an effectively very “high-k” electrode,
allowing the creation of small transistors that
switch at low voltages and minimal gate-to-
channel leakage (20).
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crystallization time scales that range from mi-
nutes to hours, or longer, over the entire under-
cooled liquid region. Metallic glass formation was
first reported by Klement et al. (1) in a eutectic
Au-Si alloy that was rapidly quenched through
the undercooled liquid region at a cooling rate
of 106 K/s. At the time, this result was considered
surprising because crystallization in undercooled
metals and atomic liquids was presumed to be
so rapid as to preclude glass formation altogether.
Metal alloys with enhanced liquid metastabiity
that form glass at substantially lower cooling rates
(1 to 103 K/s), so-called bulk metallic glasses,
were first developed in the early 1980s (2). Their
development (2, 3) and the use of techniques to
suppress the nucleation of crystals such as con-
tainerless processing (4, 5), fluxing (2), and prep-
aration of high-purity alloys (6) led to improved
metastability of metallic glass-forming melts.
Nevertheless, the crystallization rates of these
glass-forming metallic liquids remain orders of
magnitude higher than those of common glass-
forming polymers, silicates, or molecular liquids.
Consequently, experimental studies in under-
cooled metallic liquids are broadly limited by the
intervening crystallization of the melt (7, 8). Mea-
surements of thermodynamic functions, viscos-
ity, atomic diffusion, and crystallization kinetics
are generally restricted to temperatures just be-
low TM or just above Tg and are precluded at
intermediate undercooling. For instance, viscos-
ity data on metallic glass-forming melts are gen-
erally nonexistent for viscosities in the range
from 101 to 106 Pa·s, because time scales for tra-
ditional rheometry exceed crystallization time
scales. On the technology side, the application
of net-shape thermoplastic forming processes
such as injection molding (9, 10), blow mold-
ing (11), and microreplication (12–14) to fab-
ricate high-performance, net-shape metal-glass
hardware was met with limited success (15). For

polymer plastics, these technologies have been
transformative due in large part to using rela-
tively low process viscosities of 1 to 104 Pa·s (16).
Implementation of these methods for metallic
glasses has been restricted, however, because of
high melt viscosities (>106 Pa·s) in the accessi-
ble temperature range near the glass transition.

To appreciate the difficulty of avoiding crys-
tallization while processing a liquid at interme-
diate undercooling, consider the time scale required
to relax spatial temperature variations within a
sample by heat conduction. For a metallic glass
of typical thermal diffusivity of ~10−2 cm2/s and
sample dimensions of several millimeters, this
time scale is typically 1 to 10 s. Several multi-
ples of this time are required to establish a uni-
form temperature. Heating methods that supply
heat through the sample boundary do not permit
uniform heating in shorter times. To heat more
rapidly requires that power be dissipated homo-
geneously and volumetrically throughout the sam-
ple so that temperature variations are never created.
Ohmic dissipation by a uniform current density is
one way to achieve this. In this work, we exploited
the large and nearly temperature-independent elec-
trical resistivity of metallic glasses (17, 18) and
used an intensemillisecond current pulse to achieve
uniform ohmic heating from the glass to the under-
cooled liquid at rates of ~106 K/s. We used high-
frame-rate video, thermal imaging, and high-speed
infrared pyrometry to conduct millisecond time-
scale viscosity and dynamic enthalpy measure-
ments in the undercooled liquid at temperatures
where intervening crystallization precludes con-
ventional rheometry and calorimetry, which are
limited to much lower heating and cooling rates.
We further demonstrated rapid millisecond in-
jection molding of metallic glass rods into net-
shape metallic glass parts under liquid viscosity,
pressure, and strain rate conditions widely estab-
lished as optimum in plastic-forming technology.

When a metallic glass is continuously heated,
the glass transition at Tg and onset of crystalli-
zation at Tx are heating rate–dependent, and
the rate-dependent temperature interval, DT =
Tx – Tg, defines an available process window
for the undercooled liquid. Larger values of DT
indicate higher metastability of the liquid with
respect to crystallization. Figure 1 illustrates the
dependence of Tx and Tg on heating rate for the
highly processable bulk metallic glass Vitreloy
1 (Zr41.2Ti13.8Cu12.5Ni10Be22.3). This alloy is a su-
perior metallic glass-former, with a critical cast-
ing thickness of 3 to 4 cm. At a conventional
heating rate of 20 K/min, one has Tg ≈ 620 K,
Tx ≈ 705 K, and DT ≈ 85 K (19). Above a crit-
ical heating rate of ~200 K/s, crystallization is
avoided entirely during heating (20). This heat-
ing rate is roughly two orders of magnitude
greater than the critical cooling rate of ~2 K/s
(21) that is required to avoid crystallization dur-
ing quenching of the liquid from high tempera-
ture to form the glass. Such heating and cooling
rate asymmetry is observed for other systems
[such as Pd43Ni10Cu27P20 (22)] and is believed
to be a general feature of the crystallization kinet-
ics of a metallic glass. For comparison, a marginal
glass-forming alloy (a metallic glass with crit-
ical casting thickness limited to few millimeters)
will exhibit a crystallization curve as in Fig. 1 that
is shifted to the left by about two orders of mag-
nitude and thereby have a critical heating rate
of ~104 K/s. As illustrated in Fig. 1, our novel
approach permits heating at rates of ~106 K/s to
a preselected liquid temperature and thereby en-
ables access to temperatures shown in the upper
left quadrant of Fig. 1 on time scales many orders
of magnitude shorter than previously possible.

The use of electrical current or current pulses
and associated Joule heating to locally cut and
shear metallic-glass ribbons was reported 20
years ago by Ballard et al. (23). In what could
be viewed as a precursor to the present work,
Gibbs et al. (24) and Zaluska, Kulik, and Matyja
(25, 26) used ohmic heating to carry out rapid
transient annealing of ferromagnetic metallic-
glass ribbons. Yavari and co-workers (27, 28) used
a current-carrying tungsten electrode tip to lo-
cally heat and engrave surfaces, and performed
joining-welding of rods by passing a large cur-
rent density through the junction between the
rods. In contrast, we focused on uniform volu-
metric heating of bulk samples to temperatures
spanning the entire undercooled liquid region
and on subsequent rapid characterization and pro-
cessing of the undercooled melt.

The electrical resistivity re of metallic glasses
and corresponding liquids is relatively large
(~100 to 250 mW·cm), exhibits a small and fre-
quently negative temperature coefficient [∣S∣ =
∣(1/re)dre/dT∣ ≤ 1 × 10−4 K−1] (17, 18), and
varies smoothly and continuously as the glass
transition at Tg is traversed. Crystalline metals
and alloys have much smaller resistivity (typi-
cally 1 to 50 mW·cm), a larger and positive tem-
perature coefficient (S ~ 10−2 to 10−4 K−1), and

Fig. 1. Glass-transition
onset temperature and
crystallization onset tem-
perature versus time for
the metallic glass Vitreloy
1 at varying heating rates.
Glass transition data are
taken from Wang et al.
(19) and crystallization
data from Schroers et al.
(20). The critical heating
rate to completely bypass
crystallization on heating
from the glass through the
liquid is about 200 K/s
(20). Conventional heating
rates on the order of 1 K/s
provide access to the undercooled liquid over a rather narrow temperature range, above which crystal-
lization becomes kinetically favorable. Using the present approach, which enables heating rates on the
order of 106 K/s, the undercooled liquid is accessible at any temperature above the glass transition,
through the melting point and beyond, where the liquid enters the equilibrium state (upper left quadrant
in the diagram). The glass transition data point plotted in this regime was obtained in the present
study under a heating rate of ~3 × 105 K/s (Fig. 3B).

www.sciencemag.org SCIENCE VOL 332 13 MAY 2011 829

REPORTS

 o
n 

M
ay

 1
2,

 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/


large discontinuous jump in resistivity on melting.
Under high imposed current densities and ohmic
dissipation, the heating of crystalline metals tends
to spatially localize. Local resistivity and temper-
ature variations (at contacts, interfaces, or inhomo-
geneities) along the direction of current flow
are amplified by increased dissipation in hotter
regions. This results in a runaway melting in-
stability as observed, for example, in capacitive
discharge welding of metals, in which melting
spatially localizes at interfaces, contacts, and
areas of high initial resistance. Heating localiza-
tion in metallic glasses is mitigated by their small
|S | and by the absence of a melting disconti-
nuity. A discussion of the requirements for rapid
uniform ohmic heating and their application to
metallic glasses is provided in the supporting
online material (SOM).

In the present work, a capacitor bank with
capacitance C = 0.264 F and charging voltage
up to V0 = 200 V was used to store energies up
to E = CV0

2/2 = 5280 J. The discharge circuit
used was a series RLC circuit tuned to near the
critical damping condition that permits a max-
imum rate of energy dissipation with no circuit
ringing or overshoot. For the critically damped
circuit, the characteristic time constant for the
discharge and dissipation of electrical energy is
th ≈ 0.4 ms. See the SOM for details of the RLC
circuit and its time response.

Vitreloy 1 rods 4 mm in diameter and 2 cm in
length were uniformly heated by capacitive dis-
charge coupled through copper electrodes. The
rod was heated from ambient temperature to pro-
cessing temperatures between Tg and TM in about
1 ms. After heating, the rod was deformed un-
der a compressive force of ~400 N applied via
the electrodes. Figure 2 shows infrared images
(20,480 pixels) of the central portion of a rod at
0.75-ms intervals during heating to a final aver-
age temperature of 799 K. This final temperature,
TF, is ~180 K above the reported Tg measured
by conventional calorimetry (Fig. 1) at a heating
rate of 20 K/min. The sample geometry used is
shown in Fig. 3A. The center column of Fig. 2
shows the temperature profile measured by the
row of pixels located along the rod’s vertical
centerline. The distribution of temperatures mea-
sured by all pixels is shown in the right column
of Fig. 2. The half width at half maximum of
final temperature distribution (right column of
Fig. 2) was ~3.5 K. The low-temperature tail
observed in the overall distribution is caused
by edge effects visible in the thermal images.
Although thermal imaging measures surface tem-
perature, an analysis of dynamic electric field pen-
etration effects by Lohöfer and Pottlacher (29)
(see the SOM for more details) shows that tem-
perature inhomogeneity along the radial direc-
tion in the rod interior should be less than 1% of
the total heating interval, or less than 5 K, with
the rod centerline expected to be slightly cooler
than the surface. The overall temperature distri-
bution of the heated metallic glass rod is remark-
ably uniform.

After heating, deformation under the applied
load began at an elapsed time of about 3 ms and
continued to about 8 ms (Figs. 2 and 3B). The
average temperature rose by about 10 to 15 K
during compressive deformation of the rod. This
delayed rise is attributed to dissipation of the
mechanical work performed by the piston dur-
ing deformation. Beyond 10 ms, the deformed

sample began to cool by radiative and conduc-
tive heat loss to the surroundings. Cooling, how-
ever, becomes significant only on time scales of
several tenths of a second—considerably longer
than the time scales for which the present data are
analyzed.

To observe detailed transient features of the
heating history, an ultrafast infrared pyrometer

Fig. 2. Thermal imaging during capacitive discharge heating. (Left column) Selected frames taken
from an infrared imaging camera movie; (middle column) temperature measured by pixels along
the vertical centerline of the rod; (right column) histogram of temperature measured by all pixels
in the image. The half width at half maximum of final temperature distribution (right column) is
~3.5 K. The low-temperature tail observed in the overall distribution is caused by edge effects that
are visible in the thermal images.
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with time resolution of 5 ms (SOM) was used to
track temperature with much higher time resolu-
tion. The high-resolution heating curve of a sep-
arate Vitreloy 1 sample is shown in red in the
inset of Fig. 3B. The dimensions and heating
parameters of this sample were identical to the
one discussed above, but it was heated in the
absence of an applied force so that no viscous
deformation occurs. A dynamic glass transition
at ~775 K was observed, as revealed by a large
horizontal step in the time-temperature trace.
The step corresponds to an endothermic heat
absorption. At the applied heating rate of ~3 ×
105 K/s, the Tg was shifted by ~155 K above that
observed by conventional calorimetry (620 K at a
much lower heating rate of 0.67 K/s; Fig. 1).
After the glass transition, temperature stabilized
at a steady plateau value for several milliseconds,
indicating that the final heated liquid lost neg-
ligible heat to the surroundings for the dura-
tion of the plateau. Measurements performed
in this plateau regime will therefore be essen-
tially adiabatic. We fitted the high-resolution
heating curve below Tg to the analytic solution
for dissipation ofpower by the RLC circuit, given
byTðtÞ − T0 ∼ ∫0

t
t2 expð−t=thÞdt, to estimate the

heating time constant th ≈ 0.33 ms (SOM). The
discrepancy between the final steady-state tem-

perature predicted by the fit and that measured
by the pyrometer is attributed to the enthalpy
absorption associated with the dynamic transi-
tion from an overheated glass to the equilibrium
liquid, commonly referred to as enthalpy re-
covery. The rapid pyrometry with microsecond
time resolution, together with the known transient
power dissipation, permits enthalpy versus tem-
perature measurements at very high heating rates.
The system is effectively a scanning calorimeter
operating at scanning rates of 105 to 106 K/s. As
discussed earlier, this is enabled by the uniform
ohmic dissipation of heat, whereby temperature
gradients are never created. In conventional cal-
orimetry, heat is supplied from the sample bound-
aries, and scanning rates are limited by thermal
relaxation times on the order of 1 to 10 s.

Figure 3C summarizes relevant data on the
total specific energy dissipated in the rod, h, and
average final sample temperature TF, for nu-
merous experiments. The specific enthalpy per
mole, h = (eM/2m)CV 2 (m is sample mass, and
M is the average atomic weight), dissipated in
the rod is the total energy stored in the capacitor
corrected by an efficiency factor, e = Rs/(Rs + R0),
where Rs is the sample resistance, and R0 is the
resistance of the circuit with no sample (SOM).
The h(TF) data collected from a number of ex-

periments are plotted in Fig. 3C to obtain a
complete h(T) relation for liquid Vitreloy 1 over
the undercooled liquid region between 700 and
900 K, previously inaccessible. This h(T) rela-
tion is for a configurationally relaxed liquid (as
opposed to an overheated glass). Using conven-
tional calorimetry, Busch et al. (30) reported the
experimental heat capacity (cP) of Vitreloy 1 for
both the glassy and liquid states up to about
700 K and for the high-temperature liquid near
TM down to about 900 K. For the liquid, they
fitted their data to interpolate cP(T ) over the
undercooled liquid region using a standard func-
tional form cP = 3R + 7.50 × 10−3 T + 8.17 ×
106 T 2 (J/mol K), where first two terms in this
equation describe the glass below Tg (R is the
gas constant). Integrating this expression gives
a predicted specific enthalpy h(T ) curve that is
compared with the present h(T ) data plotted
in Fig. 3C. The comparison shows excellent
agreement.

During dynamic deformation, the time-
dependent height of the deforming rod, y(t), was
measured using frame-by-frame video images.
The digitized data were fitted to an analytic func-
tional form that can be differentiated to deter-
mine the velocity, dy/dt, and acceleration, d 2y/dt2,
of the pneumatic drive assembly during defor-

Fig. 3. Thermodynamic
and rheological measure-
ments using capacitive
discharge heating. (A)
Experimental setup used
to measure enthalpy and
viscosity. The metallic glass
rod is inset into ceramic
disks making contact with
copper electrodes. (B) (Sol-
id red curve) Thermal trace
of an undeformed Vitreloy
1 rod as recorded by a
single-pixel high-frame-
rate infrared pyrometer.
The onset of Tg at 770 K
is indicated. (Blue circles)
Temperature response
of a deforming Vitreloy
1 rod versus time (same
dimensions and condi-
tions as above), averaged
over multiple pixels as
recorded by an infrared
thermal imaging camera.
The onset of viscous dis-
sipation caused by defor-
mation and the onset of
cooling caused by heat
loss to the surroundings
are indicated. The inset
shows a fit (thin blue line)
to the thermal trace (thick red line) of the form T(tÞ − T0 ∼ ∫0

t
t2 exp(−t/th)dt,

predicted for a critically damped RLC circuit (SOM). The fitting formula
does not account for the enthalpy absorbed at Tg and consequently over-
shoots the measured thermal response. (C) Experimental enthalpy h = (e/2)
CV2 versus temperature TF (blue circles) and enthalpy computed from liquid

heat capacity data of Busch et al. (30) (solid red curve) for Vitreloy 1. (D)
Viscosity versus temperature for Vitreloy 1 measured using capacitive dis-
charge heating (blue circles) compared with viscosity data reported in the
literature (blue crosses) using beam bending, parallel plate rheometry, and
Couette viscometry (34).
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mation. These data were used to compute strain
rate versus time, and with knowledge of the
applied force, the viscosity h at TF. Because
the sample temperature increases slightly during
deformation (Fig. 3B), the viscosity is measured
over a slightly increasing temperature interval.
As explained in the SOM, the limited force avail-
able (400 N) and response time of the drive sys-
tem (inertial effects) make the present setup most
suitable for measuring viscosities in the range
from 104 to 107 Pa·s. Radiative heat loss from
the rod surface to the surroundings, and heat loss
by conduction to the ceramic plates and cold
electrodes (located several millimeters behind
the ceramic surface), can be neglected in the de-
forming region on the time scale of the experi-
ment (typically 5 to 15 ms). In other words, the
viscosity measurements are carried out under
essentially adiabatic conditions. Using the rela-
tion h = Fy2/[3u0(dy/dt)] (31), appropriate to the
early stage of deformation (SOM), where F is
the applied force and u0 the sample volume, the
viscosity was determined from a number of ex-
periments at various TF’s. In Fig. 3D, the results
are compared with previously reported viscosity
data on Vitreloy 1 obtained with conventional
rheology. Conventional beam-bending and par-
allel plate rheometry (32, 33) require time scales
of at least tens of seconds, which limits data to
about 80 K above Tg. Couette viscometry (34)
at higher temperature (and lower viscosities)
similarly requires time scales of at least tens
of seconds and is precluded by the intervention
of crystallization at temperatures below ~900 K.

The ability to dynamically process metallic
glasses at any undercooled liquid temperature
on millisecond time scales creates the oppor-
tunity to carry out rapid thermoplastic forming
at far lower process viscosities and pressures
than was previously possible. Commercial in-
jection molding of plastics is carried out at
typical temperatures of 450 to 700 K, process
viscosities of 1 to 104 Pa·s, and injection pres-
sures of 1 to 30 MPa (16). To demonstrate in-
jection molding of bulk metallic glasses using
typical plastic molding conditions, we designed
and constructed a simple injection-molding ap-
paratus. The basic elements of the setup are
shown in Fig. 4A. Several variants of this ap-
paratus were used to injection-mold net-shape
components from Vitreloy 1 and Pd43Ni10Cu27P20.
Figure 4B shows a net-shape metallic glass com-
ponent with semicircular toroidal geometry molded
from a glassy rod of Pd43Cu10Ni27P20. Figure 4C
shows the upper mold tool used to produce the
component. The part was produced by rapid
heating at 106 K/s to TF ≈ 720 K, followed by
injection into the mold cavity with an applied
pressure of ~20 MPa. The processing viscosity
of the Pd43Ni10Cu27P20 melt at 720 K is esti-
mated to be ~103 Pa·s (35). The total time re-
quired to form this component was about 40 ms,
as determined by monitoring the displacement
of the electrode/plunger using high-speed video.
This implies strain rates on the order of 103 to
104 s−1 during the molding process. The rheo-
logical conditions (viscosity, pressure, and strain
rate) are typical of those used in commercial in-

jection molding of plastic hardware (16). X-ray
diffraction and differential scanning calorime-
try show that the product parts are fully glassy
for both the Vitreloy 1 and the Pd43Cu10Ni27P20
alloy. This is expected because the processing
times are much shorter than the time for inter-
vening crystallization (as seen in Fig. 1). More-
over, no visible oxidation was detected in either
of the parts, despite being processed in open air.

Concerning intervening crystallization, it is of
obvious interest to explore the applicability of our
rapid heating and forming methods to less robust,
or marginal, metallic glass-formers, such as those
with critical casting thicknesses of several milli-
meters (as opposed to several centimeters). As
discussed earlier, marginal glass-formers have
crystallization curves shifted to time scales about
two orders of magnitude shorter than the robust
glass-formers Vitreloy 1 and Pd43Cu10Ni27P20 (Fig.
1). The marginal metallic glass-forming alloy
Zr11Ti33Cu47Ni8Si1 (36) has a critical casting rod
diameter of 5 to 6mm and exhibits a very restricted
processing window DT ≈ 50 K at conventional
heating rates. Thus, its crystallization curve is
shifted not only to shorter times but also to lower
temperatures closer to Tg (Fig. 1). Fully glassy
sample rods 3mm in diameter and 2 cm longwere
prepared and heated by rapid discharge at ~106 K/s
to temperatures midway between Tg and TM. The
rods were deformed under a compressive load of
~400 N between copper electrode plates (as in
Fig. 3A) but without ceramic spacers. The rods
were heated and deformed to flat uniform disks
of final thicknesses ranging from 0.5 to 1 mm in
total elapsed times of less than 30 ms. The deform-
ing samples were effectively quenched between the
copper electrode plates. X-ray diffraction and
differential scanning calorimetry verified that the
deformed disks were fully glassy, thereby dem-
onstrating that crystallization was avoided in this
marginal glass-former.

The rapid uniform heating approach intro-
duced here allows access to metastable under-
cooled liquid states of intermediate mobility at
temperatures and time scales far outside those
probed by traditional methods. This platform en-
hances the experimental study of thermophysical
properties, flow behavior, relaxation phenomena,
and crystallization kinetics of undercooled metallic
liquids. For example, it enables scanning calorim-
etry at heating rates of ~106 K/s. On the technology
side, the method circumvents intervening crystalli-
zation and enables thermoplastic processing and
forming of robust as well as marginal glass-
forming alloys over the entire range of viscosity
observed in undercooled metallic glass-forming
melts.
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Three-Dimensional Orientation
Mapping in the Transmission
Electron Microscope
H. H. Liu,1 S. Schmidt,1 H. F. Poulsen,1 A. Godfrey,2 Z. Q. Liu,3 J. A. Sharon,4 X. Huang1,5*

Over the past decade, efforts have been made to develop nondestructive techniques for
three-dimensional (3D) grain-orientation mapping in crystalline materials. 3D x-ray diffraction
microscopy and differential-aperture x-ray microscopy can now be used to generate 3D orientation
maps with a spatial resolution of 200 nanometers (nm). We describe here a nondestructive
technique that enables 3D orientation mapping in the transmission electron microscope of
mono- and multiphase nanocrystalline materials with a spatial resolution reaching 1 nm. We
demonstrate the technique by an experimental study of a nanocrystalline aluminum sample
and use simulations to validate the principles involved.

Manymaterials are polycrystalline, mean-
ing that they are composed of a large
number of grains (crystallites) of dif-

ferent crystallographic orientations. A full three-
dimensional (3D) orientation mapping of such
polycrystalline grain structures (with information
about the position, size, morphology, and orien-
tation of each grain, as well as the topological
connectivity between the grains) is needed to re-

late the structure to properties. Such information
can be obtained with the 3D electron backscatter
diffraction technique (3D-EBSD) (1). This tech-
nique has a spatial resolution of ~20 nm, but it
requires serial sectioning of the sample as part of
the data collection process and, thus, is destruc-
tive. Recently, two nondestructive 3D x-ray tech-
niques that have a spatial resolution of, at best,
200 nm (2, 3) have been demonstrated. Elec-
tron tomography has been used to determine
the shape of isolated crystals with a resolution
down to 1 nm, but this method cannot be used
to obtain orientation maps (4). Furthermore, sev-
eral approaches (5–10) have been developed for
2D orientation mapping in the transmission elec-
tron microscope (TEM). In these approaches, the
crystal orientation is determined from diffrac-
tion patterns that are either recorded directly using
the diffraction mode (5–7) or reconstructed in-
directly from conical-scanning dark-field images
(8–10). These 2D methods are relevant when
the specimen thickness is smaller than the size
of the grains.

We describe here a technique for 3D orien-
tation mapping in the TEM (3D-OMiTEM) with
a spatial resolution on the order of 1 nm for spec-
imens that may be substantially thicker than
the average grain size. Similar to some of the
2D techniques (8–10), the data collection is based
on conical-scanning dark-field imaging. How-
ever, to enable the simultaneous reconstruction
of a complete 3D orientation map of all grains in
a sample volume, images are recorded at many
sample tilt angles. Furthermore, we have devel-
oped a new approach for the orientation deter-
mination and 3D reconstruction, based on the
GrainSweeper (11) and GrainSpotter (12) algo-
rithms originally developed for 3D reconstruction
of synchrotron diffraction data. In this approach,
the orientation of each voxel in the sample is de-
termined by a simultaneous analysis of all con-
tributing diffraction vectors derived from the
dark-field images over all beam and sample tilt
positions, thereby reducing the effects caused by
dynamical diffraction and multiple scattering. A
volume formed by adjacent voxels of the same
orientation is identified as a grain. The shape and
location of each grain are determinedwith the use
of a ray-tracing method based on the sample tilt
angles where the grain is visible in the dark-field
images. The angular resolution for the orientation
mapping is primarily determined by the step sizes
used for the conical scanning and the sample
tilting, whereas the spatial resolution is also de-
termined by the magnification used to record the
images. In general, however, more than 100,000
images are required to obtain nanoscale orienta-
tion maps.

To validate the principles of all procedures
involved in the data analysis, we used a software
package that incorporates dynamical diffraction
and multiple scattering effects (13) to simulate
electron diffraction from overlapping grains of
different orientations. This package was used in
combination with a 3D grain-orientation map
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Over the past decade, efforts have been made to develop nondestructive techniques for
three-dimensional (3D) grain-orientation mapping in crystalline materials. 3D x-ray diffraction
microscopy and differential-aperture x-ray microscopy can now be used to generate 3D orientation
maps with a spatial resolution of 200 nanometers (nm). We describe here a nondestructive
technique that enables 3D orientation mapping in the transmission electron microscope of
mono- and multiphase nanocrystalline materials with a spatial resolution reaching 1 nm. We
demonstrate the technique by an experimental study of a nanocrystalline aluminum sample
and use simulations to validate the principles involved.

Manymaterials are polycrystalline, mean-
ing that they are composed of a large
number of grains (crystallites) of dif-

ferent crystallographic orientations. A full three-
dimensional (3D) orientation mapping of such
polycrystalline grain structures (with information
about the position, size, morphology, and orien-
tation of each grain, as well as the topological
connectivity between the grains) is needed to re-

late the structure to properties. Such information
can be obtained with the 3D electron backscatter
diffraction technique (3D-EBSD) (1). This tech-
nique has a spatial resolution of ~20 nm, but it
requires serial sectioning of the sample as part of
the data collection process and, thus, is destruc-
tive. Recently, two nondestructive 3D x-ray tech-
niques that have a spatial resolution of, at best,
200 nm (2, 3) have been demonstrated. Elec-
tron tomography has been used to determine
the shape of isolated crystals with a resolution
down to 1 nm, but this method cannot be used
to obtain orientation maps (4). Furthermore, sev-
eral approaches (5–10) have been developed for
2D orientation mapping in the transmission elec-
tron microscope (TEM). In these approaches, the
crystal orientation is determined from diffrac-
tion patterns that are either recorded directly using
the diffraction mode (5–7) or reconstructed in-
directly from conical-scanning dark-field images
(8–10). These 2D methods are relevant when
the specimen thickness is smaller than the size
of the grains.

We describe here a technique for 3D orien-
tation mapping in the TEM (3D-OMiTEM) with
a spatial resolution on the order of 1 nm for spec-
imens that may be substantially thicker than
the average grain size. Similar to some of the
2D techniques (8–10), the data collection is based
on conical-scanning dark-field imaging. How-
ever, to enable the simultaneous reconstruction
of a complete 3D orientation map of all grains in
a sample volume, images are recorded at many
sample tilt angles. Furthermore, we have devel-
oped a new approach for the orientation deter-
mination and 3D reconstruction, based on the
GrainSweeper (11) and GrainSpotter (12) algo-
rithms originally developed for 3D reconstruction
of synchrotron diffraction data. In this approach,
the orientation of each voxel in the sample is de-
termined by a simultaneous analysis of all con-
tributing diffraction vectors derived from the
dark-field images over all beam and sample tilt
positions, thereby reducing the effects caused by
dynamical diffraction and multiple scattering. A
volume formed by adjacent voxels of the same
orientation is identified as a grain. The shape and
location of each grain are determinedwith the use
of a ray-tracing method based on the sample tilt
angles where the grain is visible in the dark-field
images. The angular resolution for the orientation
mapping is primarily determined by the step sizes
used for the conical scanning and the sample
tilting, whereas the spatial resolution is also de-
termined by the magnification used to record the
images. In general, however, more than 100,000
images are required to obtain nanoscale orienta-
tion maps.

To validate the principles of all procedures
involved in the data analysis, we used a software
package that incorporates dynamical diffraction
and multiple scattering effects (13) to simulate
electron diffraction from overlapping grains of
different orientations. This package was used in
combination with a 3D grain-orientation map
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of an aluminum polycrystal experimentally gen-
erated using 3D-EBSD to simulate a set of dark-
field images over a wide range of specimen and
beam tilt angles. The original grain size of the
aluminum sample is 2 mm,which is scaled down
by a factor of 100 to simulate a nanocrystalline
sample with grains of an average size of 20 nm
at a voxel resolution of 1 nm3. Figure 1A shows
a section through this “original” grain-orientation
map used as the input for the simulations. The
vertical direction is parallel to the sample thick-
ness direction, giving up to five overlapping grains
in the through-thickness direction. We performed
two simulations that generated conical-scanning
dark-field images over sample tilt angle ranges
of T60° and T90°, in each case with a step size
of 1°. These dark-field images were then used
as input data for the 3D-OMiTEM software.
Figure 1, B and C, shows the reconstructed
grain-orientation maps for the same section, for
the two cases. The black lines superposed on
Fig. 1, B and C, indicate the grain boundary
positions in the original map (Fig. 1A). The
mean mismatch error is 0.9 pixels (0.9 nm) and
0.5 pixels (0.5 nm) in the two cases, respective-
ly. The orientation difference for each grain
between the reconstructed maps (Fig. 1, B and
C) and the original map (Fig. 1A) is less than
0.2°. The good match in both the grain orien-
tations and the grain boundary locations suggests
that the algorithms used for the data collection
and analysis in the 3D-OMiTEM method are
valid.

We demonstrate the 3D-OMiTEM technique
by generating a 3D grain-orientation map of a
sample of nanocrystalline aluminum. An alumi-
num film of 150-nm thickness was produced by
pulsed electron beam evaporation (14). 2D obser-
vations from the surface plane and cross section

revealed the film to be composed of a mixture of
elongated grains and smaller equiaxed grains.
Using a tilt range from –30° to +30°, about 110,000
dark-field images were generated from a selected
area of 850 by 850 nm2 (14). Part of a 3D grain-
orientation map reconstructed using the new
technique is shown in Fig. 2. More than 100
grains with a wide spectrum of crystallographic
orientations are identified. The 3D shapes of many
grains are revealed as elongated, but equiaxed
grains of smaller sizes embedded in the analyzed
volume are also found, in good agreement with
the 2D observations. Based on a comparison of
the reconstructed grain structure with the dark-
field images of individual grains, the resolution
of the technique is estimated to be ~two to three
pixels (for the magnification range typically used
for analysis of nanocrystalline materials, one pix-
el corresponds to 0.2 to 2 nm).

The volume that can be mapped using 3D-
OMiTEM is determined by the TEM sample
thickness, which is typically 100 to 300 nm in
foils examined at standard operating voltages
(200 to 300 kV) and up to 1 mm in 1-MeV in-
struments, and by the electron illuminated area,
which can be as large as several tens of square
micrometers, depending on the magnification
used in the microscope. For a nanocrystalline
material with a grain size of 30 nm in a sample of
thickness 200 nm and at a magnification giving
a resolution of 1 nm, there will be on the order
of 10,000 grains in the analyzed volume, pro-
viding good statistics of 3D structural parameters.
The ability to observe changes in grain structure
in the interior of nanocrystalline samples under
conditions such as variable stress and temper-
ature will yield information on materials behav-
ior with minimized surface effects and will allow,
for the first time, direct testing of physically based

models of 3D structural evolution in nanocrystal-
line materials.
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Fig. 2. 3D grain-orientation map from part of a
150-nm-thick aluminum film specimen. The colors
represent different crystal orientations with a tol-
erance of 2°.

Fig. 1. (A) Section of a
rescaled experimentally
obtained 3D-EBSD grain-
orientation map of alu-
minum. The tilt axis is
parallel to the x axis.
(B) Reconstructed grain-
orientation map for the
same section based on
a sample tilt range of
T60°. (C) Reconstructed
grain-orientationmap for
the same section based
on a sample tilting range
of T90°. The same color
coding, representing crys-
tallographic orientation,
is used throughout. The
black lines in (B) and (C)
indicate the grain bound-
ary positions in the orig-
inal map (A).
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Silver-Catalyzed C-C Bond Formation
Between Methane and Ethyl
Diazoacetate in Supercritical CO2
Ana Caballero,1 Emmanuelle Despagnet-Ayoub,2,3 M. Mar Díaz-Requejo,1 Alba Díaz-Rodríguez,1,4

María Elena González-Núñez,4 Rossella Mello,4 Bianca K. Muñoz,2,3 Wilfried-Solo Ojo,2,3

Gregorio Asensio,4* Michel Etienne,2,3* Pedro J. Pérez1*

Even in the context of hydrocarbons’ general resistance to selective functionalization, methane’s
volatility and strong bonds pose a particular challenge. We report here that silver complexes
bearing perfluorinated indazolylborate ligands catalyze the reaction of methane (CH4) with ethyl
diazoacetate (N2CHCO2Et) to yield ethyl propionate (CH3CH2CO2Et). The use of supercritical carbon
dioxide (scCO2) as the solvent is key to the reaction’s success. Although the catalyst is only
sparingly soluble in CH4/CO2 mixtures, optimized conditions presently result in a 19% yield of
ethyl propionate (based on starting quantity of the diazoester) at 40°C over 14 hours.

The use of methane, the lightest hydro-
carbon and the primary component of
natural gas, as a source for the production

of fine chemicals remains an appealing goal on
scientific, economic, and environmental grounds
(1–4). Transition metal–catalyzed C-H bond ac-
tivation is a promising approach by which to
achieve functionalization of the strong and rel-
atively inert C-H bonds of alkanes, more generally.
In one possible scenario, these reactions proceed
by metal-promoted C-H bond oxidative cleavage
followed by insertion of a suitable X group into
the M-C bond and release of the functionalized
product by means of reductive elimination of the
C-X-H unit (5). Individual reaction steps for this
and related catalytic cycles have been widely re-
ported (6), but a major challenge has been that re-
moval of the functionalized fragments from the
metal coordination sphere is often unfavorable, due
to the robustness of the M-C bonds. Only a few
examples of catalytic C-H bond functionalizations
of alkanes with transition metal complexes have
beendescribed (4,6), includingC-H/C-Dexchange
(7), dehydrogenation (8), tandemdehydrogenation-
metathesis (9), dehydrogenative silylation (10),
and borylation (11) processes.

None of the scarce examples mentioned
above have led to the catalytic functionalization
of methane. On the other hand, an early example
of distinct, electrophilic activation was Shilov and
Shul’pin’s landmark discovery of the conversion
of alkanes, including methane, into alcohols un-

der acidic conditions (12). Using Shilov-type
chemistry, Periana and co-workers have devel-
oped catalytic systems based on mercury (13),
platinum (14), or gold (15) that convert methane
into methyl bisulfate, usually in sulphuric acid
media and at high temperature. Subsequently,
Periana (16) and Kirillova (17) independently re-
ported conversion of methane into acetic acid,
with the use of palladium- and vanadium-based
catalysts, respectively.

A different approach to the catalytic function-
alization of alkanes involves electrophilic X atom
insertion into C-H bonds, described for the hetero-
atom insertion intomethane C-H bonds catalyzed
by superacids, with hydrogen peroxide, ozone, or
chlorine as X sources (18, 19). In transition metal–
catalyzed versions of this approach, a polarized
M-X bond is formed before the X atom insertion
into the C-H bond. This process implies no direct
metal-alkane interaction; consequently, release of
the reaction products does not require cleavage of

strong M-C or M-H bonds. An example is the
metal catalyzed carbene insertion into ahydrocarbon
C-H bond by reaction with a diazocompound
(20, 21), which has been successfully applied to
simple alkanes using rhodium (22, 23) and group
11 (copper, silver, gold) metal-based catalysts
(24). However, it is as yet unknown for methane.

We have previously designed highly electro-
philic silver catalysts based on perbrominated
tris(pyrazolyl)- or perfluorinated tris(indazolyl)borate
ligands. We first reported the functionalization
of alkanes (25) with the use of ethyl diazoacetate
as the carbene source, catalyzed by [TpBr3Ag]2
(1) [Tp, tris(pyrazolyl)borate]. Later, [F21-
Tp4Bo,3CF3Ag(OCMe2)] (2) (Bo, benzo;Me,methyl)
was found to be more active and selective toward
primary sites (Fig. 1) (26). With pentane as a rep-
resentative example, both catalysts, as well as
the new complex—[F27-Tp

4Bo,3CF2CF3Ag(thf)]
(3) (thf, tetrahydrofuran)—reported herein, led to
mixtures of the three products resulting from the
insertion of the carbene: CHCO2Et (Et, ethyl)
into the primary and the secondary C-H bonds.

Challenges arose in applying this methodol-
ogy to methane, due to its gaseous nature (critical
pressure and temperature pc = 45.96 atm and Tc =
–82.7°C), low solubility in organic solvents, and
poor solvating ability. Moreover, carbene insertion
into any C-H bond present in the reaction medium
would be faster than reaction of the stronger bonds
inmethane, and chlorinated solvents donot represent
a viable alternative, as these silver catalysts pref-
erentially induce the insertion of CHCO2Et units
into C-X (X = halogen) bonds (27).

In the present contribution, these difficulties
have been circumvented by the use of supercritical
carbon dioxide (scCO2) as the reaction solvent,
given its inertness toward reactive intermediates,
complete miscibility with methane, strong solv-
ating ability toward ethyl diazoacetate (EDA),
and excellent transport properties (28). We per-
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Fig. 1. Functionalization of C-H bonds by carbene insertion from ethyl diazoacetate using TpxAg complexes
as catalysts. Percentages correspond to yields after complete consumption of the initial EDA (the remaining
portion up to 100% of initial EDA forms diethyl fumarate and maleate by catalytic EDA dimerization).
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formed an initial set of experiments by placing
ethyl diazoacetate and one of the silver complexes
1 to 3 (0.03 mmol of silver, initial molar ratio
TpxAg:EDA 1:100) into separate polypropylene
containers fitted into a high-pressure reactor
thermostated at 40°C (29). The system was
charged with 160 atm of methane and then pres-
surized up to 250 atm with carbon dioxide. A
0.96 nCH4:nCO2 ratio of gases was determined
by weighing the reactor immediately after charg-
ing with each of them. Observation through the
reactor sapphire windows revealed that the solid
catalyst did not dissolve substantially in the
supercritical medium, whereas EDA dissolved
completely within 1 hour. Control experiments
showed that EDA is not soluble in the reaction
medium in the absence of scCO2, and complex 3
(0.03 mmol) completely dissolves in neat scCO2

(250 atm). The reaction was maintained at 40°C,
with stirring, for 14 hours and then directly
analyzed by a gas chromatograph connected in-
line to the high-pressure reactor (fig. S3). Pro-
ducts were quantified using calibration curves
previously derived with pure commercial sam-
ples. Mass balances were assessed in a set of
separate experiments in which the reactor was
completely depressurized through a micrometric
high-pressure valve and the products were
collected in a trap cooled to –78°C. The residues
were dissolved in deuterated chloroform. Inte-
gration of the nuclear magnetic resonance sig-
nals (using styrene as internal standard) gave
product ratios identical to those obtained in the
gas chromatography (GC) analysis.

Ethyl propionate (EP), the product of :
CHCO2Et insertion into a C-H bond of meth-
ane, was detected in the experiments with all
three catalysts, along with diethyl fumarate and
maleate, which are common by-products of metal-
catalyzed dimerization of EDA (30). The use
of 1 led to substoichiometric amounts of EP
(0.03mmol of the catalyst was employed), where-
as complexes 2 and 3 as catalyst precursors gave
0.198 and 0.204 mmol of EP, respectively (Fig.
2). These results demonstrate the ability of com-
plexes 2 and 3 to catalyze the formal insertion of
the carbene: CHCO2Et into a C-H bond of meth-
ane, with the formation of a new C-C bond.

As indicated above, the catalyst seems to re-
main undissolved in the reaction vessel. In fact,
theweight of the catalyst-containing vessel appeared
unchanged before and after the experiment. How-
ever, a homogeneous process catalyzed by small
amounts (<10−3 mmol) of the silver complex
cannot be ruled out. To gain further insight, we
ran a catalytic experiment in which the volatile
products of the reaction were collected in a cold
trap. The catalyst vessel was then removed and
the reactor washed with CH2Cl2. No measurable
variation in the initial catalyst weight could be
recorded, and inductively coupled plasma mass
spectroscopy (ICP-MS) analysis of the combined
extracts from the cold trap and the reactor revealed
the presence of ~4.2 × 10−4 mmol of silver (corre-
sponding to dissolution of <0.1 mg of the starting

complex). We then performed a series of exper-
iments identical to that above but with varied
relative pressures of methane and carbon dioxide,
with the amount of dissolved silver complex 3
again determined by ICP-MS (Table 1). The exact
ratio of methane and carbon dioxide was deter-
mined by weight.

These studies revealed that the solubility of
the silver catalyst is enhanced by increasing the
proportion of carbon dioxide in the fluid, in good
agreement with the well-known capacity of
scCO2 to dissolve fluorinated compounds (28).
Specifically, a linear correlation pertained be-
tween the catalyst concentration in the fluid and
the relative nCH4:nCO2 ratio (Fig. 3). Unfortunately,
the corresponding conversion to the desired product
(EP) decreased with rising CO2:methane ratios. We
attribute this result to higher catalyst concentrations
promoting not only the formation of ethyl pro-

pionate but also the competing formation of un-
desired diethyl fumarate and maleate products
via carbene dimerization. The latter transforma-
tion is enhanced at lower hydrocarbon concen-
tration and at high catalyst loadings (31).

A well-known related feature in this type of
reaction is that very low concentrations of the
diazo compound disfavor the formation of the un-
desired fumarate and maleate derivatives. Hence,
we performed an experiment using 0.7 mmol of
EDA (instead of 3 mmol) and 0.007 mmol of 3,
the latter still well in excess (15×) of the deter-
mined solution catalyst concentration in Table 1,
entry 1. After 14 hours under 160 atm of methane
and a CO2 balance up to a total pressure of 250
atm, 0.134 mmol of EP was detected by GC. In a
second run,with a longer reaction time of 70 hours,
0.162 mmol of EP was obtained. These values
represent 19 and 23% yields, respectively, into EP

CH4 +
CO2EtH

N2

sc-CO2

PT = 250 atm, 40 °C, 14 h

H3C
CO2Et

HH
N2+

TpBr3Ag (1) F21-Tp4Bo,3CF3Ag (2) F27-Tp4Bo,3CF2CF3Ag (3)

mmol ethyl propionate 0.024 0.198 0.204

160 atm

TpxAg

catalyst loading: 0.03 mmol
initial molar ratio EDA:TpxAg = 100:1

time

m
V

Fig. 2. Gas chromatogram of the reaction of methane with EDA catalyzed by the F27-Tp
4Bo,3CF2CF3Ag

complex after 14 hours (entry 1, Table 1).

Table 1. Methane functionalization with ethyl diazoacetate using complex 3 as catalyst. Reaction
conditions described in Fig. 2.

Entry PCH4:PCO2 nCH4:nCO2* mmol EP mmol Ag dissolved TON†

1 160:90 0.96 0.204 0.00042 478
2 125:125 0.88 0.130 0.0043 30
3 80:170 0.34 0.140 0.023 6
4 0:250 0 0 0.031 0

*Determined by weight (see SOM). †Defined as millimole of EP per millimole of Ag dissolved.
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based on the initial amount of EDA, demonstrating
the benefit of the aforementioned dilution effect.

We found that complex 3 also catalyzed re-
action of EDA with ethane (Fig. 4), affording
ethyl butyrate over 14 hours with a turnover
number (TON) value of 30, under a total
pressure of 250 atm (35 atm of ethane; nCO2:
nC2H6 = 7.35). The lower hydrocarbon pressure
needed in this case is in agreement with the lower

bond dissociation energy of the ethane C-H bond
(~101 versus 104.5 kcal/mol in methane) (32).
Complex 3 completely dissolved under these
reaction conditions. The low TON value results
from the low ethane concentration in the mixture.
To establish the relative reactivities of methane and
ethane, we performed a competition experiment at
40°C using 0.03mmol of 3 in amixture of 135 atm
of CH4, 35 atm of C2H6, and a balance of CO2 to

reach a total pressure of 250 atm (Fig. 4). The
distribution of products favored the ethane deriv-
ative by a factor of ~7.5. Taking into account the
experimentally determined mass ratio of the
gases and the statistical correction for the num-
ber of C-H bonds, we estimated the selectivity
C-Hmethane:C-Hethane to be ~1:14 [see supporting
online material (SOM) for details].

We also investigated pentane C-H function-
alization in scCO2. In 2 mL of pentane under 200
atm of CO2 at 40°C, catalyst 3 (0.03 mmol) par-
tially dissolved (~60% according to ICP-MS
studies) to yield a mixture of insertion products
(Fig. 4), with a regioselectivity virtually identical
to that obtained under homogeneous conditions
using pentane as both solvent and reactant (Fig. 1).
These results suggest that the insertionmechanism
operative in homogeneous solution is conserved
in the supercritical medium.

Aplausiblemechanism for C-H functionaliza-
tion ofmethane (and other hydrocarbons) involves
metal-catalyzed N2 elimination from the diazo
substrate followed by carbene transfer (33, 34)
mediated by a highly electrophilic metal carbene
intermediate (Fig. 5) (35). The reactivity of A
toward C-H bonds gives a product distribution
that is governed, at least in part, by the bond dis-
sociation energy of the C-H bonds, justifying the
observation that ethane functionalization is favored
over methane by a factor of ~ 14.
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Shallow Radar soundings from the Mars Reconnaissance Orbiter reveal a buried deposit of carbon
dioxide (CO2) ice within the south polar layered deposits of Mars with a volume of 9500 to
12,500 cubic kilometers, about 30 times that previously estimated for the south pole residual cap.
The deposit occurs within a stratigraphic unit that is uniquely marked by collapse features and
other evidence of interior CO2 volatile release. If released into the atmosphere at times of high
obliquity, the CO2 reservoir would increase the atmospheric mass by up to 80%, leading to more
frequent and intense dust storms and to more regions where liquid water could persist without boiling.

The martian atmosphere is dominated by
CO2 with an annual mean pressure cur-
rently about 6 mbar (6 hPa) (1), although

early in the planet’s history CO2 likely existed at
the ~1 bar level. Some of this ancient atmospher-
ic CO2 may be stored in the polar layered de-
posits (PLD) (2), although, it is now thought, only
in modest quantities. The water-ice–dominated

southern PLD (SPLD) presently host a small [<5-m
thick, ~90,000 km2 (3)] perennial CO2-ice deposit
(4) overlying a thin water-ice layer (5), which
together compose the south pole residual cap
(SPRC). If the SPRC CO2 material were to be re-
leased completely into the atmosphere, the increase
in pressure would be only a few tenths of a mbar
and insufficient to buffer the atmospheric CO2

during changing climatic conditions (5). Here,
we use radar-sounder data to show that the volume
of sequestered CO2 in the SPLD is substantial-
ly larger than previously believed, competing
in magnitude with the present atmospheric
abundance.

SHARAD (Shallow Radar) is a sounding ra-
dar on the Mars Reconnaissance Orbiter (MRO)
mission (6), and its results are displayed in radar-
grams with axes of time delay and orbital posi-
tion (Fig. 1). Previous mapping of subsurface
reflectors by SHARAD in the north PLD (NPLD)
revealed a crisp radar stratigraphy to the base of
the deposits (7, 8). For the SPLD, the radar sig-
nal does not penetrate the deposits as deeply as
in the NPLD, and in only a limited number of
places is there a well-defined stratigraphy (9).
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Fig. 1. SHARAD radargram 5968-01 traversing RFZ3 terrain shown in original time-delay format (A) and
converted to depth (B) by using the permittivity of water ice. Ground track location is shown in Fig. 3.
ORR and LB3 are indicated.
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Shallow Radar soundings from the Mars Reconnaissance Orbiter reveal a buried deposit of carbon
dioxide (CO2) ice within the south polar layered deposits of Mars with a volume of 9500 to
12,500 cubic kilometers, about 30 times that previously estimated for the south pole residual cap.
The deposit occurs within a stratigraphic unit that is uniquely marked by collapse features and
other evidence of interior CO2 volatile release. If released into the atmosphere at times of high
obliquity, the CO2 reservoir would increase the atmospheric mass by up to 80%, leading to more
frequent and intense dust storms and to more regions where liquid water could persist without boiling.

The martian atmosphere is dominated by
CO2 with an annual mean pressure cur-
rently about 6 mbar (6 hPa) (1), although

early in the planet’s history CO2 likely existed at
the ~1 bar level. Some of this ancient atmospher-
ic CO2 may be stored in the polar layered de-
posits (PLD) (2), although, it is now thought, only
in modest quantities. The water-ice–dominated

southern PLD (SPLD) presently host a small [<5-m
thick, ~90,000 km2 (3)] perennial CO2-ice deposit
(4) overlying a thin water-ice layer (5), which
together compose the south pole residual cap
(SPRC). If the SPRC CO2 material were to be re-
leased completely into the atmosphere, the increase
in pressure would be only a few tenths of a mbar
and insufficient to buffer the atmospheric CO2

during changing climatic conditions (5). Here,
we use radar-sounder data to show that the volume
of sequestered CO2 in the SPLD is substantial-
ly larger than previously believed, competing
in magnitude with the present atmospheric
abundance.

SHARAD (Shallow Radar) is a sounding ra-
dar on the Mars Reconnaissance Orbiter (MRO)
mission (6), and its results are displayed in radar-
grams with axes of time delay and orbital posi-
tion (Fig. 1). Previous mapping of subsurface
reflectors by SHARAD in the north PLD (NPLD)
revealed a crisp radar stratigraphy to the base of
the deposits (7, 8). For the SPLD, the radar sig-
nal does not penetrate the deposits as deeply as
in the NPLD, and in only a limited number of
places is there a well-defined stratigraphy (9).
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Fig. 1. SHARAD radargram 5968-01 traversing RFZ3 terrain shown in original time-delay format (A) and
converted to depth (B) by using the permittivity of water ice. Ground track location is shown in Fig. 3.
ORR and LB3 are indicated.
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free subsurface zones (RFZ) extending down-
ward from near the surface to depths approach-
ing 1 km (fig. S1). The RFZs can be subdivided
into four distinct types and locations (table S1)
on the basis of their radar characteristics; here,
we focus on RFZ3, which is spatially coincident
with the SPRC. Except for a commonly occur-
ring thin layer that bisects the unit (Fig. 1),
RFZ3 is the most reflection-free volume that we
have seen on Mars with SHARAD data: the sig-
nal level within approaches the background noise.
Deeper reflectors passing beneath RFZ3 bright-
en slightly more than expected on the basis of
the change in thickness of typical SPLD mate-
rial, implying that RFZ3 deposits attenuate a ra-
dar signal less severely than these typical regions.
Importantly, the low-power RFZ3 radar return is
thus not caused by strong scattering or absorp-
tion losses within the deposit.

To determine the real permittivity (e′) of
RFZ3, we mapped key SHARAD reflectors for
79 MRO orbits (fig. S2). The lower boundary of
RFZ3, LB3, is a highly irregular buried erosional

surface that truncates subhorizontal reflectors.
Extending several hundred meters beneath RFZ3
is a zone of unorganized, weak radar reflectors
that in turn is underlain by a coherent sequence
of organized (layered) radar reflectors (ORR).
By using the a priori assumption of a bulk water-
ice composition (e′ = 3.15) for the SPLD, we
converted the vertical axis of radargrams from
time delay to depth. The converted ORR sequence
beneath LB3 is typically offset from surround-
ing regions and exhibits significant topographic
variations (Fig. 1B) that are strongly anticorre-
lated with LB3 (Fig. 2A). This anticorrelation is
unexpected because there is very likely no geo-
logical link between the earlier deposition of the
ORR and the later erosion of the material above
it that was subsequently filled with RFZ3 ma-
terial [see (10) for details]. On the basis of the
argument that the anticorrelations are the for-
tuitous result of an incorrect choice of e′ for
RFZ3, we found for each radargram the e′ value
that gave zero correlation between LB3 and a
test reflector (TR) in the ORR sequence (Fig. 2,

B and C) (10). A second method (10) sought to
minimize topographic perturbations and offsets
on the TR by finding the e′ value that obtained
the smallest residuals to a linear regression on
this interface (Fig. 2, D and E). Both methods
tended to produce a relatively smooth and sub-
horizontal disposition to the TR, similar in na-
ture to the likely extension of ORR observed by
SHARAD in the Promethei Lingula region (9).
Forty-one of the 79 radargrams were suitable for
quantitative analyses using these procedures, and
by using different strategies we found mean values
for e′ of the RFZ3 volume in the range of 2.0 to
2.2, with standard deviations of 0.1 to 0.2 (10).

These permittivity estimates for RFZ3 are un-
expectedly close to a laboratory-measured val-
ue of low-porosity CO2 ice of 2.12 T 0.04 (11),
similar to the well-known frequency-independent
value of about 2.2 for bulk dry ice (12). The
SHARAD-derived permittivity values are sub-
stantially lower than those of water ice (3.15) and
CO2 clathrate-hydrate ice (~2.85) (13), strongly
supporting the hypothesis that RFZ3 is a solid
CO2 deposit. An alternative view that RFZ3 is
porous water ice can be rejected on the basis of
permittivity-thickness relationships (10).

With the permittivities estimated, we converted
the time delays through RFZ3 (using e′ = 2.1)
to thicknesses over each of the 79 radar
traverses (fig. S3) and by interpolation con-
structed a continuous thickness distribution.
Figure 3 shows this result placed over a geolog-
ical map showing stratigraphic units in a por-
tion of the SPLD (14, 15). Of interest here are
the largely overlapping horizontal extents of the
AA3 unit and the successively overlying water-
ice (AA4a) and CO2-ice (AA4b) units making up
the SPRC. Also shown are the contacts (dashed)
for unit AA3, with the locations constrained well
by exposures in troughs and by partial exposures
beneath the SPRC. Where SHARAD data are
available, there is a remarkable spatial correla-
tion of RFZ3 to the AA3 unit except for the ex-
tremes of northward-extending lobes of the
unit (16). Thus, we propose that the AA3 unit is
in fact RFZ3, and its composition is dominated
by CO2 ice.

TheAA3 unit contains a systemof large troughs,
up to several km wide and typically <100 m
deep, that do not cut older units (Fig. 3). In turn,
smaller parallel aligned ridges, troughs, and
elongate depressions mark some of these large
troughs, and in places the depressions appear as
coalescing or elongated pits (Fig. 4). Additional-
ly, the westernmost outcrops of unit AA3 (north
of 87°S and near 240° to 270°E) include about
20 rimless circular pits (~300- to ~4000-m di-
ameter), which do not occur in layers underlying
unit AA3 and do not display any rims or ejecta.
All of these smaller troughs, depressions, and
pits appear to result from erosion and removal of
unit AA3, with a strong component of sublima-
tion and collapse. These features are not found
elsewhere in the SPLD, and the CO2-ice layer
(AA4b) of the SPRC is the only other perennial
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unit in the SPLD that exhibits clear (although
different) morphological indicators of subli-
mation (5). The lack of sublimation features in
exposures of the older units AA1 and AA2 indi-
cate that CO2, and not H2O, is the sublimating
material in the AA3 unit, as might be expected
given their relative volatilities. The AA3 unit with-
in pits distributed along the linear depressions
is covered by a heavily fractured SPRC water-
ice layer (AA4a) that is overlain in places by the
sublimating SPRC CO2 layer (AA4b) that formed
after the fracturing (Fig. 4). The fracturing, not
found in other SPLD units, may be a response to
continuing unit AA3 sublimation after the pits had
first formed. The other three RFZs lack surface
expressions of sublimation, but nondetection of

sufficiently rugged lower boundaries precluded
permittivity estimates.

Because we equate RFZ3 to unit AA3, we used
the areal distribution of the geological unit to
extrapolate the RFZ3 volume poleward of ~87°S,
achieving a total volume range (17) of ~9500
to 12,500 km3 (10). In contrast, the volume of
the CO2-dominated SPRC is less than 380 km3

(3), about 30 times less. The RFZ3 thickness-
independent permittivity values (10) imply a den-
sity close to that of bulk dry ice, 1500 to 1600
kg m−3 (18), which converts volume to an equiv-
alent atmospheric pressure of 4 to 5 mbar, up to
~80% of the equivalent mass in the current at-
mosphere. The collapse features in the AA3 unit
suggest that the RFZ3 mass has been waning, and

an isolated patch of RFZ3 (at ~345°E in Figs.
1 and 3) appears to be an erosional remnant. This
suggests that the atmosphere has contained less
than the present ~6 mbar of CO2, hinting at past
atmospheric collapse.

The lack of reflections in RFZ3 apart from
the bisecting layer can be interpreted as a lack of
dust (7). Global climate models (GCMs) sug-
gest (19) that, when the obliquity of Mars drops
below a critical value, the atmosphere collapses
onto the polar caps. At low obliquities, the abil-
ity of the atmosphere to lift dust is greatly di-
minished (20), possibly providing an explanation
for the radar observations. Obviously, the CO2

now buried in RFZ3 was in the atmosphere at
some time in the past. A plausible assumption is

Fig. 4. MOLA topographic image (A) in the vicinity
of 87°S, 268°E, showing linear depressions or troughs
in the AA3 unit. The total elevation range of the image
is ~75 m from the lowest (pink) to the highest (green)
surface. The troughs are associated with circular pits
[(B), part of MRO HiRISE (High Resolution Imaging
Science Experiment) image ESP_014342_0930] and
are thinly buried by the SPRC (C), with unit AA4b (CO2
ice) displaying sublimation windows into a fractured
water-ice unit AA4a beneath (northwestern corner of a
pit). The water-ice layer is completely exposed in the
northeastern portion of this pit, where intense po-
lygonal fracturing gives way to concentric fracturing
on the pit rim (cf).
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Fig. 3. Polar stereographic map of a portion of
the SPLD, showing RFZ3 thickness variations inter-
polated to a continuous volume for the 79 SHARAD
ground tracks where RFZ3 deposits were observed.
Bright colors indicate deposit thicknesses calculated
by using e′ = 2.1, and the histogram (inset) pro-
vides their relative occurrences. Base map (subdued
colors) shows SPLD stratigraphy (14, 15) with geo-
logic units from oldest to youngest: HNu (substrate
underlying SPLD); AA1 (evenly bedded layers, up to
3.5 km thick); AA2 (evenly bedded layers, <300 m
thick); AA3 (~300 m thick); and AA4a and AA4b (water-
ice and CO2-ice members, respectively, of the SPRC).
The units are separated by unconformities, indicating
episodes of erosion between them that resulted in
retreat of the original lateral extents of the units and
in development of local troughs and depressions.
Dashed lines indicate boundaries of unit AA3 where
partially buried. Mars Orbiter Laser Altimeter (MOLA)
shaded relief base at 115 m per pixel; because of
spacecraft orbital inclinations, no SHARAD or MOLA
data are available poleward of ~87°S. Ground track
of observation 5968-01 (Fig. 1) is shown.
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that the RFZ3 mass was largely in the atmosphere
when the insolation at the south pole at summer
solstice was at a maximum, which for the past
one million years occurred about 600,000 years
ago [obliquity = 34.76°, eccentricity = 0.085, lon-
gitude of perihelion = 259.4° (21)].

To assess the impact on some first-order cli-
mate parameters, we ran a fast version of the
NASA/Ames Mars GCM (version 1.7.3) for
these orbital conditions with a total exchange-
able CO2 inventory (atmosphere plus caps)
equal to the present inventory (7.1 mbar) plus
5 mbar. We found that most of the additional
5 mbar of CO2 ended up in the atmosphere. Sur-
face pressures rose uniformly around the planet,
with global-mean annually averaged pressures
equaling 10.5 mbar. Annual mean cap masses in-
creased by about 0.8 mbar, not accounting for the
lost RFZ3 mass. Surface temperatures, however,
decreased slightly (~0.7 K) because the CO2 ice
was on the ground for a longer period, and this
compensated the modest greenhouse effect.

There are two implications of these changes
in the climate system. First, the increased CO2

pressure expands the geographic locations where
these pressures exceed the triple-point pressure of
water, thereby permitting liquid water to persist
without boiling (although it may still evaporate,
as on Earth) (22). Second, higher surface pres-

sures will lead to higher surface wind stresses,
which will loft more dust in the atmosphere, lead-
ing to an increase in dust storm frequency and
intensity. Given the complex interplay between
the dust, water, and CO2 cycles, additional changes
in the climate system are very likely.
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Late Mousterian Persistence
near the Arctic Circle
Ludovic Slimak,1* John Inge Svendsen,2 Jan Mangerud,2 Hugues Plisson,3

Herbjørn Presthus Heggen,2 Alexis Brugère,4 Pavel Yurievich Pavlov5

Palaeolithic sites in Russian high latitudes have been considered as Upper Palaeolithic and thus
representing an Arctic expansion of modern humans. Here we show that at Byzovaya, in the
western foothills of the Polar Urals, the technological structure of the lithic assemblage makes
it directly comparable with Mousterian Middle Palaeolithic industries that so far have been
exclusively attributed to the Neandertal populations in Europe. Radiocarbon and optical-stimulated
luminescence dates on bones and sand grains indicate that the site was occupied during a short
period around 28,500 carbon-14 years before the present (about 31,000 to 34,000 calendar years
ago), at the time when only Upper Palaeolithic cultures occupied lower latitudes of Eurasia.
Byzovaya may thus represent a late northern refuge for Neandertals, about 1000 km north of
earlier known Mousterian sites.

Most of the Russian Arctic was free of
glacier ice throughout the past 50,000
years, including during the Last Glacial

Maximum (LGM) (1). Avaried herbivorous fauna
existed in high Arctic areas that are presently wet
tundra or almost barren Arctic deserts (2). Recent
archaeological evidence demonstrates that Ice
Age humans also at least temporarily lived and
hunted in these northern landscapes beginning
around 35,000 to 36,000 14C years before the
present (yr B.P.) [≥40,000 yr B.P. in calibrated/
calendar (cal) years] (3–7 ) (fig. S1). It has
not been clear whether the early visitors were
members of a fossil population [such as Homo
sapiens neanderthalensis and affiliated groups

(8, 9)] or whether modern humans (H. sapiens
sapiens) expanded northward into a previously
uninhabited area.

This question is related to the Middle Palaeo-
lithic (MP) to Upper Palaeolithic (UP) cultural
transition in Eurasia. This transition, which has
been considered to have taken place about 40,000
to 37,000 yrB.P. inmost of Eurasia, saw the global
extinction of the Neandertals and thus the end of
their specific MP (Mousterian) culture. The Nean-
dertalswere replaced bymodern humans,whowere
the bearers of all known UP cultures.

Here we describe lithic technology and age
constraints from the Byzovaya site near the Polar
Urals and show that humans bearing MP stone

technology persisted to 32,000 to 34,000 cal yr
B.P. in the Eurasian Arctic (Fig. 1). Byzovaya,
which is among the northernmost known Palaeo-
lithic sites, was previously considered to be an
Early Upper Palaeolithic (EUP) site mainly on the
basis of a few radiocarbon dates that suggested
an age of about 27,000 14C years or younger.

The Byzovaya site (65°01′25′′N, 57°25′12′′E)
is located on the right bank of the Pechora River,
which flows northward across the lowland areas
west of the Ural Mountains (Fig. 1). First de-
scribed in 1965 byGuslitser et al. (10), the locality
was investigated several times by Russian archae-
ologists (11); later by a Norwegian-Russian team,
since 1996 (6, 12); and by a French-Russian team
since 2007. More than 300 stone artefacts and
4000 animal remains have been uncovered dur-
ing the various excavations, which together cover
an area of approximately 550 m2.
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that the RFZ3 mass was largely in the atmosphere
when the insolation at the south pole at summer
solstice was at a maximum, which for the past
one million years occurred about 600,000 years
ago [obliquity = 34.76°, eccentricity = 0.085, lon-
gitude of perihelion = 259.4° (21)].

To assess the impact on some first-order cli-
mate parameters, we ran a fast version of the
NASA/Ames Mars GCM (version 1.7.3) for
these orbital conditions with a total exchange-
able CO2 inventory (atmosphere plus caps)
equal to the present inventory (7.1 mbar) plus
5 mbar. We found that most of the additional
5 mbar of CO2 ended up in the atmosphere. Sur-
face pressures rose uniformly around the planet,
with global-mean annually averaged pressures
equaling 10.5 mbar. Annual mean cap masses in-
creased by about 0.8 mbar, not accounting for the
lost RFZ3 mass. Surface temperatures, however,
decreased slightly (~0.7 K) because the CO2 ice
was on the ground for a longer period, and this
compensated the modest greenhouse effect.

There are two implications of these changes
in the climate system. First, the increased CO2

pressure expands the geographic locations where
these pressures exceed the triple-point pressure of
water, thereby permitting liquid water to persist
without boiling (although it may still evaporate,
as on Earth) (22). Second, higher surface pres-

sures will lead to higher surface wind stresses,
which will loft more dust in the atmosphere, lead-
ing to an increase in dust storm frequency and
intensity. Given the complex interplay between
the dust, water, and CO2 cycles, additional changes
in the climate system are very likely.
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Palaeolithic sites in Russian high latitudes have been considered as Upper Palaeolithic and thus
representing an Arctic expansion of modern humans. Here we show that at Byzovaya, in the
western foothills of the Polar Urals, the technological structure of the lithic assemblage makes
it directly comparable with Mousterian Middle Palaeolithic industries that so far have been
exclusively attributed to the Neandertal populations in Europe. Radiocarbon and optical-stimulated
luminescence dates on bones and sand grains indicate that the site was occupied during a short
period around 28,500 carbon-14 years before the present (about 31,000 to 34,000 calendar years
ago), at the time when only Upper Palaeolithic cultures occupied lower latitudes of Eurasia.
Byzovaya may thus represent a late northern refuge for Neandertals, about 1000 km north of
earlier known Mousterian sites.

Most of the Russian Arctic was free of
glacier ice throughout the past 50,000
years, including during the Last Glacial

Maximum (LGM) (1). Avaried herbivorous fauna
existed in high Arctic areas that are presently wet
tundra or almost barren Arctic deserts (2). Recent
archaeological evidence demonstrates that Ice
Age humans also at least temporarily lived and
hunted in these northern landscapes beginning
around 35,000 to 36,000 14C years before the
present (yr B.P.) [≥40,000 yr B.P. in calibrated/
calendar (cal) years] (3–7 ) (fig. S1). It has
not been clear whether the early visitors were
members of a fossil population [such as Homo
sapiens neanderthalensis and affiliated groups

(8, 9)] or whether modern humans (H. sapiens
sapiens) expanded northward into a previously
uninhabited area.

This question is related to the Middle Palaeo-
lithic (MP) to Upper Palaeolithic (UP) cultural
transition in Eurasia. This transition, which has
been considered to have taken place about 40,000
to 37,000 yrB.P. inmost of Eurasia, saw the global
extinction of the Neandertals and thus the end of
their specific MP (Mousterian) culture. The Nean-
dertalswere replaced bymodern humans,whowere
the bearers of all known UP cultures.

Here we describe lithic technology and age
constraints from the Byzovaya site near the Polar
Urals and show that humans bearing MP stone

technology persisted to 32,000 to 34,000 cal yr
B.P. in the Eurasian Arctic (Fig. 1). Byzovaya,
which is among the northernmost known Palaeo-
lithic sites, was previously considered to be an
Early Upper Palaeolithic (EUP) site mainly on the
basis of a few radiocarbon dates that suggested
an age of about 27,000 14C years or younger.

The Byzovaya site (65°01′25′′N, 57°25′12′′E)
is located on the right bank of the Pechora River,
which flows northward across the lowland areas
west of the Ural Mountains (Fig. 1). First de-
scribed in 1965 byGuslitser et al. (10), the locality
was investigated several times by Russian archae-
ologists (11); later by a Norwegian-Russian team,
since 1996 (6, 12); and by a French-Russian team
since 2007. More than 300 stone artefacts and
4000 animal remains have been uncovered dur-
ing the various excavations, which together cover
an area of approximately 550 m2.
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The site is located in a paleo-gully that is
incised into Triassic sandstone. The gully, which
is about 250 m long and 300 m wide, starts from
a shoulder in the river valley at an altitude of
about 100m above sea level (a.s.l.) and ends near
the shore of the Pechora River about 44 m a.s.l.
Artefacts are encased in a layer of sandy gravel
up to 2.5 m thick that rests directly on the bed-
rock at the bottom of the paleo-gully. This layer
crops out along the river cliff (Fig. 2 and fig. S7).
The sediments that contain the archaeological
finds accumulated during a series of successive
debris flows. We were not able to determine
whether there were breaks between each flow or
if they all happened during one single event,
although some individual flows are separated by
thin layers of silt. Several meters of well-sorted
windblown (aeolian) sand overlay and interfinger
with the debris flow deposits (Fig. 2). Most of
the bones and artefacts are well preserved. Both
the excellent preservation of the bones and the
inferred paleotopography indicate that the de-
bris flowsmoved only a short distance,most likely
less than a few tens of meters or so. The bones and
artefacts occur throughout the gravelly layers. Sev-
eral well-preservedmammoth bones and tusks were
found on the surface of this formation, draped by
the overlying windblown sand (fig. S8). Some
bones and artefacts are concentrated within one of
the mentioned silt horizons in the middle of the
layer and may represent in situ deposits.

More than 97% of the identified faunal re-
mains are from mammoth (Mammuthus primi-
genius) and represent at least 21 individuals. In
addition, several other animals have been iden-

tified [supporting online material (SOM)]: wool-
ly rhinoceros (Coelodonta antiquitatis), reindeer
(Rangifer tarandus), musk ox (Ovibosmoschatus),
horse (Equus callabus sp.), brown bear (Ursus
arctos), wolf (Canis lupus), and polar fox (Alopex
lagopus). Many of the animal remains from the
top deposit have cut marks that indicate process-
ing by humans (figs. S10 and S11).

We obtained 33 14C dates from the bones
(table S1). The mean age for all samples is
28,570 T 1370 14C yr B.P., but 28,450 T 820
when 12 dates with large uncertainties are omitted
(SOM text). The distribution of the 14C ages is
almost Gaussian (fig. S2), and the simplest in-
terpretation is that the spread of ages is mainly an
artefact of random counting uncertainties and that
all samples should therefore have a similar age.
We conclude that the age of 28,450 T 820 14C yr
B.P. is the best age of the human occupation (fig.
S2). Conversion of 14C ages to sideral (cal) years
is problematic for such old samples, but this
age corresponds to the calibrated age intervals of
33,650 to 31,670 and 34,580 to 31,370 cal yr B.P.
for the 68 and 95% confidence intervals, respec-
tively, when using the IntCal09 (13) data set. As a
further test, we obtained four optically stimulated
luminescence (OSL) dates from the windblown
sand draping the find-bearing strata. The ages were
all between 30,000 and 33,000 yr B.P., with an
uncertainty (1s) of 2000 to 3000 years (Fig. 2 and
table S2) and a mean of 32,000 T 2000 yr B.P. The
interfingering contact between the debris flow layer
and the sand suggests that the ages of the layers are
overlapping in time. Indeed, the OSL ages overlap
with the calibrated 14C ages of the bones.

These ages demonstrate that the human oc-
cupation of Byzovaya happened during the latter
part of marine isotope stage (MIS) 3, well before
the buildup of the Barents-Kara Ice Sheet during
MIS 2. The age fits roughly into the period when
the Bryansk soil developed on the Russian Plain
farther to the south (14). This interstadial (31,000
to 24,000 14C yr B.P.) was slightly warmer than
the preceding and following periods, but the cli-
mate was still much colder than at present. The
radiocarbon chronology indicates that the hu-
man visits at Byzovaya took place a few hun-
dred years after the mild Ålesund interstadial in
Scandinavia, an interval that has been correlated
with Greenland interstadial (GI) 8 to 7 (15). Ta-
ken at face value, the calibrated age of Byzovaya
corresponds to the ice core interval GI 6 to 5.

A total of 313 lithic artefacts have been col-
lected during the various excavations. The arte-
facts are mainly composed of local raw materials
coming from the gravels of the Pechora River
(table S3). These rocks are abundant on the river
shore and also in thick glacial and glaci-lacustrine
sediments in the river bank (12). Our experi-
mental in situ knapping shows that the local raw
materials are applicable for any kind of flaking
technology.

This industry consists of flakes, 11 cores, and
as many as 80 defined typological tools. End
products are well represented for a collection of
this size (80 out of 313). The cores were used
exclusively for flake production. Four pieces are
typical Levallois cores, a flaking method that is
considered to be a distinctive feature in MP as-
semblages (Fig. 3, no. 2). This technology is also

Fig. 1. Map showing the
location of the Byzovaya
site, close to the north-
ernUrals. Other sitesmen-
tioned in the text are also
shown. The red stippled
line circumscribes the ar-
eawith knownNeandertal
sites; here only some se-
lected young sites are
marked. The maximum
extent of the Eurasian Ice
Sheet during the LGM
(about 26,000 to 20,000
cal yrB.P.) is also shown (1).
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represented by some well-defined Levallois
flakes. The remaining seven cores are based on
discoid (fig. S5, no. 3) and polyhedric flakings,
which are a common combination in MP con-
texts. The applied stone technology is based on
Levallois and discoid flake production. There
are neither technological blades nor bladelets nor
other elements that could be ascribed to the tech-
nical representation of UP technologies. We con-
ducted experiments on the same raw materials
and were able to make similar flakes only by di-
rect hard hammer percussion. The preserved
flakes could have been used tomake side-scrapers
of various types and sizes. Some flakes were di-
rectly used without any retouching, because some
of their edges are worn (fig. S12).

None of the 313 artefacts reflects a tool pro-
duction technology typical of UP cultures. Fur-
thermore, diagnostic tools that are common in
anyUP industry of Eurasia such as burins, backed
tools, pointed blades, or bladelets are not rep-
resented. There are 11 end-scrapers, but none of
these were prepared from UP blades. Varieties of
end-scrapers, prepared from flakes, are common
elements in any European MP industry, known
since the first Mousterian typological analysis
(16). Typological tools are mainly members of the
Mousterian group (16), dominated by distinctive
side-scrapers made out of flakes (fig. S5, nos.
1 and 2) that are typical for MP industries (17)
(fig. S6 and table S4). Six of these tools have been
retouched to form a bifacial tool. Most of the
bifacial tools are thick, with a plano-convex sec-
tion: one face shaped by large flakes and the op-

posite face formed by a semi-abrupt retouch. This
way of shaping has been used for producing so-
called Keilmesser tools (plano-convex and backed
bifacial tools, Fig. 3, no. 1), which are considered
to be specific artefacts of some archetypical MP
industries of Central and Eastern Europe (18–20).
Two of the bifacial tools from Byzovaya present
a thin regular transformation of their faces that
illustrates the technological similarities between
this industry and theEasternEuropeanMP (18,19),
where the so-called Blattspitzen (short foliate)
tools occur frequently.

The lithic industry of Byzovaya is technical-
ly and typologically homogeneous and shows a
combination of diagnostic features that belong
exclusively to MP traditions from Central and
Eastern Europe, previously known from sites
dating from MIS 3 to 4 (19). All lithic tools and
bones are stratigraphically associated, and 22
faunal remains show anthropogenic modifica-
tions. This is in accordance with the use wear of
lithic tools related to butchering activities. Two of
our dates are on a cut marked mammoth bone
and a modified reindeer antler (table S1).

The EUP complexes that succeeded the MP
complexes present specific archaeological fea-
tures that distinguish them from the MP indus-
tries. Blades, bladelets, and projectile points
constitute the lithic background for EUP assem-
blages in Eurasia. For example, at Kostenki 14,
along the Don River in southern Russia (Fig. 1),
these EUP elements appear in layer IV, dated
to 45,000 to 41,000 cal yr B.P., which is about
10,000 years earlier than the human occupation

at Byzovaya (21–23). At Zaozer’e, farther to the
north and closer to Byzovaya, blades and bladelets
were produced by humans sometime between
39,000 and 37,000 yr B.P. (Fig. 1) (4, 6 ). Rus-
sian EUP sites that are more or less contempo-
raneous with Byzovaya, such as Sungir (24) and
Garchi (6), are characterized by lithic triangular
projectile points. A rich bone and ivory technol-
ogy with spear points, figurines, ornaments, and
beads is common in most EUP Eurasian sites
where organic materials are well preserved (as at
Byzovaya). It has been recently proposed that
some of the Kostenki sites show some archaic
traits resulting from a specialized tool kit made
by UP hunters at a kill-butchery site (25). How-
ever, tools from the Gorotsovian and Streletskian
layers at Kostenki do not resemble the Byzovaya
assemblage but are dominated by typical UP
traits reflecting their specific cultural associations
(standardized triangular foliated spear points, in
the Streletskian layers, and rich bone and ivory
technologies in the Gorotsovian).

There is no evidence that the assemblage at
Byzovaya can be explained by site-specific activities
such as mammoth exploitation and butchering.
At all well-dated sites with abundant mammoth
remains, the artefacts that are found with the ani-
mal remains also reveal the cultural affiliation of
the humans who made them. This is true for MP
sites suchasMont-Dol (26) orSalzgitter-Lebenstedt
(27) and for EUP Gravettian sites of Central Eu-
rope, such as Milovice in Moravia and Krakow-
Spadzista in Poland (28, 29). Theoretically, one
may also wonder if the lack of some UP elements,

Fig. 2. A slightly simplified cross section of the Byzovaya site, from the Pechora River and up the gully with
Paleolithic finds. All 14C dates from the find layer are plotted as a T1s-long line in calibrated years in order to compare
with OSL ages from the overlying strata. The calculated mean age is 28,450 T 820 14C yr B.P., corresponding to the age
interval 34,580 to 31,370 cal yr B.P. for the 95% confidence interval (T2s). This interval is marked by a vertical gray zone on the figure. All calculations are
explained in the SOM text.
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such as blades and bladelets, can be explained
by the quality of the raw material at hand. How-
ever, various siliceous rocks of good quality were
easily available and were also used for tool pro-
duction at an adjacent Mesolithic site containing
almost exclusivelywell-prepared and regular blades
and bladelets.

Most researchers agree that classical Mousterian
industries in Europe were exclusively produced by
Neandertals (30, 31). However, whether Byzovaya
represents a Neandertal site or not cannot be
demonstrated beyond doubt until human bones
or DNA are found. If the Byzovaya artefacts
were struck by modern humans, this would have
major implications for understanding the MP-UP
transition, as it would imply that these Arctic
H. sapiens groups preserved older, traditional
MP cultures far after the full expansion of UP
modern societies in the rest of Eurasia.

Neandertal fossils and unambiguous MP
industries are known from a large part of the
Eurasian continent (fig. S1), stretching from the
Atlantic Ocean to the Altai Mountains in the east
(32). However, other unambiguous MP artefacts
have not been reported from areas north of about
55°N latitude, which is about 1000 km south of
Byzovaya (33). (Fig. 1). One of the most recent
Neandertal remains is a skeleton found in Croatia
(Vindija G1) and dated to ~32,000/33,000 14C yr

B.P. (≥37 cal yr B.P.) (34). Younger Mousterian
artefacts have been reported from the southern
part of the Iberian Peninsula, including layer IV
of Gorham’s cave, Rock of Gibraltar, where 103
artefacts have been attributed to a late Mous-
terian culture between 33,000 and 24,000 14C yr
B.P. (35). However, these ages have been debated
(36–38).

If, like elsewhere in Europe, these technol-
ogies were realized by Neandertals, then such
late persistence of Mousterian traditions at this
high latitude as late as about 10,000 years after
the UP first appearance at lower latitudes in Rus-
sia (Kostenki) would imply that the two human
species coexisted over a longer time period than
has been thought. In any case, the site shows that
Neandertals or another relic population of hu-
mans with Mousterian technology were fully ca-
pable of coping with the cold climate and dark
winters that prevailed at the highest latitudes.
The site also challenges the hypothesis that there
was a complete replacement of the MP societies
in all of Europe as early as around 37,000 cal yr
B.P. (37).
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Experimental Evidence Supports a
Sex-Specific Selective Sieve in
Mitochondrial Genome Evolution
Paolo Innocenti,1* Edward H. Morrow,1 Damian K. Dowling2*†

Mitochondria are maternally transmitted; hence, their genome can only make a direct and
adaptive response to selection through females, whereas males represent an evolutionary dead end.
In theory, this creates a sex-specific selective sieve, enabling deleterious mutations to accumulate in
mitochondrial genomes if they exert male-specific effects. We tested this hypothesis, expressing five
mitochondrial variants alongside a standard nuclear genome in Drosophila melanogaster, and found
striking sexual asymmetry in patterns of nuclear gene expression. Mitochondrial polymorphism had
few effects on nuclear gene expression in females but major effects in males, modifying nearly 10% of
transcripts. These were mostly male-biased in expression, with enrichment hotspots in the testes and
accessory glands. Our results suggest an evolutionary mechanism that results in mitochondrial genomes
harboring male-specific mutation loads.

The mitochondrial-eukaryote union repre-
sents one of life’s most important symbio-
ses, equipping the eukaryotic cell with a

highly efficient means of energy conversion. The
upshot of this union is that contemporary meta-
zoa harbor two obligate genomes. The genome
located within the cell nuclei (nuclear genome)
contains the vast majority of function-encoding
genetic material (about 14,000 genes in Drosoph-
ila melanogaster) (1), whereas the mitochondrial
genome (mtDNA) is diminutive in size, consisting
of just 37 genes (13 protein-coding, 22 tRNA, and
2 ribosomal RNA) (2). Although few in number,
mitochondrial genes serve an essential function,
with both nuclear- and mtDNA-encoded proteins
interacting within the mitochondria to perform
cellular respiration. The tight coordination in
gene expression necessary for organelle function
is achieved by extensive signaling between mito-
chondrial and nuclear genomes, via anterograde
and retrograde regulation (3).

Unlike their nuclear counterparts, mitochon-
drial genomes generally have solelymaternal trans-
mission, resulting in evolutionary dead ends for
themtDNAofmales (4). As such,mtDNA should
only be able to make a direct evolutionary re-
sponse to selection through females [but see (5, 6)].
This should pose no problem for traits with iden-

tical function across males and females. However,
mutations in mtDNA that contribute to the ex-
pression of traits exhibiting different sex-specific
optima (i.e., sexually dimorphic or sexually antag-
onistic traits) will be subject to a sex-specific se-
lective sieve. This means that selection will fail to
prevent the accumulation of mtDNA mutations
that are deleterious when expressed in males, if
the same mutations are only slightly deleterious
(4), neutral (7), or beneficial (8, 9) when expressed
in females.

If a sex-specific selective sieve is important in
mitochondrial genome evolution, then we predict
that mitochondrial genomes should generally har-
bor a mutation load that is more pronounced in
males. Also, the effect of themutation load should
increase with the degree of male-biased sexual
dimorphism of the trait or tissue in question, be-
cause the benefits that males can salvage from
relying on female-specific adaptation of mtDNA
will diminish as the level of sex-biased expres-
sion increases and the intersexual genetic corre-
lation erodes.

We tested these predictions on the basis of the
facts that extensive signaling takes place between
mitochondrial and nuclear genomes (3) and that
polymorphisms in mtDNA typically exert their
phenotypic effects through interactions with the
nuclear genome (10). We explored genome-wide
variation in nuclear gene expression across strains
ofD. melanogaster that differ only in the origin of
their mitochondrial genomes by using GeneChip
Drosophila Genome 2.0 microarrays (Affymetrix,
Incorporated, Santa Clara, CA). We examined
five distinct, naturally occurring mitochondrial ge-
nomes from around the globe [Alstonville (New

SouthWales,Australia),Brownsville (Texas, USA),
Dahomey (Benin), Japan, andMysore (India)]. An
abundance of nonsynonymous and synonymous
polymorphisms exists across the protein-coding
sequences of these five genomes [supporting online
material (SOM) text]. Eachmitochondrial genome
was coexpressed with the isogenic nuclear back-
ground, w1118, in two replicates per strain. Repli-
cates for each mtDNA strain were created as a
safeguard to ensure that inferences regarding ef-
fects of mtDNA polymorphism were not con-
founded by cryptic genetic variation that might
have accumulated in the nuclear background
during the period in which the strains were created
and assayed. No differential expression between
replicates of any mtDNA strain was found (P >
0.05 after multiple testing corrections in two-
tailed t tests for all the transcripts, for each pair
of replicate introgressions). Other environmental
variables (e.g., food source, temperature, light, age,
and mating status) were carefully controlled to
minimize sources of variation.

1Department of Ecology and Genetics, Evolutionary Biology
Centre, Uppsala University, Norbyvägen 18-D, 75236 Uppsala,
Sweden. 2School of Biological Sciences, Monash University,
Clayton, Victoria 3800, Australia.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
damian.dowling@monash.edu

Fig. 1. Differentially expressed genes. (A) Venn
diagram representing the intersections between
the sets of nuclear genes showing a significant
effect of mitochondrial strain in males (blue, top
left), in females (red, top right), and in the full
data set (black, bottom). (B) Expression levels (in
glog2 scale) of the same sets of genes (blue tri-
angles and dark blue and black dots), in male
and female adults of D. melanogaster. Gray dots
in the background represent the expression level
of non–differentially expressed genes.
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Experimental Evidence Supports a
Sex-Specific Selective Sieve in
Mitochondrial Genome Evolution
Paolo Innocenti,1* Edward H. Morrow,1 Damian K. Dowling2*†

Mitochondria are maternally transmitted; hence, their genome can only make a direct and
adaptive response to selection through females, whereas males represent an evolutionary dead end.
In theory, this creates a sex-specific selective sieve, enabling deleterious mutations to accumulate in
mitochondrial genomes if they exert male-specific effects. We tested this hypothesis, expressing five
mitochondrial variants alongside a standard nuclear genome in Drosophila melanogaster, and found
striking sexual asymmetry in patterns of nuclear gene expression. Mitochondrial polymorphism had
few effects on nuclear gene expression in females but major effects in males, modifying nearly 10% of
transcripts. These were mostly male-biased in expression, with enrichment hotspots in the testes and
accessory glands. Our results suggest an evolutionary mechanism that results in mitochondrial genomes
harboring male-specific mutation loads.

The mitochondrial-eukaryote union repre-
sents one of life’s most important symbio-
ses, equipping the eukaryotic cell with a

highly efficient means of energy conversion. The
upshot of this union is that contemporary meta-
zoa harbor two obligate genomes. The genome
located within the cell nuclei (nuclear genome)
contains the vast majority of function-encoding
genetic material (about 14,000 genes in Drosoph-
ila melanogaster) (1), whereas the mitochondrial
genome (mtDNA) is diminutive in size, consisting
of just 37 genes (13 protein-coding, 22 tRNA, and
2 ribosomal RNA) (2). Although few in number,
mitochondrial genes serve an essential function,
with both nuclear- and mtDNA-encoded proteins
interacting within the mitochondria to perform
cellular respiration. The tight coordination in
gene expression necessary for organelle function
is achieved by extensive signaling between mito-
chondrial and nuclear genomes, via anterograde
and retrograde regulation (3).

Unlike their nuclear counterparts, mitochon-
drial genomes generally have solelymaternal trans-
mission, resulting in evolutionary dead ends for
themtDNAofmales (4). As such,mtDNA should
only be able to make a direct evolutionary re-
sponse to selection through females [but see (5, 6)].
This should pose no problem for traits with iden-

tical function across males and females. However,
mutations in mtDNA that contribute to the ex-
pression of traits exhibiting different sex-specific
optima (i.e., sexually dimorphic or sexually antag-
onistic traits) will be subject to a sex-specific se-
lective sieve. This means that selection will fail to
prevent the accumulation of mtDNA mutations
that are deleterious when expressed in males, if
the same mutations are only slightly deleterious
(4), neutral (7), or beneficial (8, 9) when expressed
in females.

If a sex-specific selective sieve is important in
mitochondrial genome evolution, then we predict
that mitochondrial genomes should generally har-
bor a mutation load that is more pronounced in
males. Also, the effect of themutation load should
increase with the degree of male-biased sexual
dimorphism of the trait or tissue in question, be-
cause the benefits that males can salvage from
relying on female-specific adaptation of mtDNA
will diminish as the level of sex-biased expres-
sion increases and the intersexual genetic corre-
lation erodes.

We tested these predictions on the basis of the
facts that extensive signaling takes place between
mitochondrial and nuclear genomes (3) and that
polymorphisms in mtDNA typically exert their
phenotypic effects through interactions with the
nuclear genome (10). We explored genome-wide
variation in nuclear gene expression across strains
ofD. melanogaster that differ only in the origin of
their mitochondrial genomes by using GeneChip
Drosophila Genome 2.0 microarrays (Affymetrix,
Incorporated, Santa Clara, CA). We examined
five distinct, naturally occurring mitochondrial ge-
nomes from around the globe [Alstonville (New

SouthWales,Australia),Brownsville (Texas, USA),
Dahomey (Benin), Japan, andMysore (India)]. An
abundance of nonsynonymous and synonymous
polymorphisms exists across the protein-coding
sequences of these five genomes [supporting online
material (SOM) text]. Eachmitochondrial genome
was coexpressed with the isogenic nuclear back-
ground, w1118, in two replicates per strain. Repli-
cates for each mtDNA strain were created as a
safeguard to ensure that inferences regarding ef-
fects of mtDNA polymorphism were not con-
founded by cryptic genetic variation that might
have accumulated in the nuclear background
during the period in which the strains were created
and assayed. No differential expression between
replicates of any mtDNA strain was found (P >
0.05 after multiple testing corrections in two-
tailed t tests for all the transcripts, for each pair
of replicate introgressions). Other environmental
variables (e.g., food source, temperature, light, age,
and mating status) were carefully controlled to
minimize sources of variation.

1Department of Ecology and Genetics, Evolutionary Biology
Centre, Uppsala University, Norbyvägen 18-D, 75236 Uppsala,
Sweden. 2School of Biological Sciences, Monash University,
Clayton, Victoria 3800, Australia.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
damian.dowling@monash.edu

Fig. 1. Differentially expressed genes. (A) Venn
diagram representing the intersections between
the sets of nuclear genes showing a significant
effect of mitochondrial strain in males (blue, top
left), in females (red, top right), and in the full
data set (black, bottom). (B) Expression levels (in
glog2 scale) of the same sets of genes (blue tri-
angles and dark blue and black dots), in male
and female adults of D. melanogaster. Gray dots
in the background represent the expression level
of non–differentially expressed genes.
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When male and female gene expression data
were considered together, different mitochondrial
strains significantly affected the expression of 1011
nuclear genes [8.0% of tested genes;P < 0.05 after
a multiple testing correction was set as a cut-off
for all contrasts (6)].Whenmale and female gene
expression profiles were analyzed separately, the
strain effect on males accounted for the differen-
tial expression of 1172 genes (9.3%), whereas
only 7 genes (~0.06%) were significant for the
strain effect on female gene expression. These
results suggest that, in general, different mitochon-
drial strains have a large impact on nuclear gene
expression and that this effect extends to a dis-
proportionately larger number of genes in males
than in females. The intersection of the three
lists of genes (Fig. 1A) also indicates that most
of the total variation in gene expression is driven
by males (~62% of the genes showing an over-
all strain effect also show a significant strain ef-
fect in male gene expression). In total, 1554 nuclear
genes were differentially expressed in at least
one sex as a consequence of their coexpression
with mitochondrial genomes of different origins.

We then examined the relationship between
the significant genes and the levels of sexual di-
morphismof the transcriptome. The nuclear genes
with expression affected by the mitochondrial
genomes were significantly more male-biased
in expression than expected [two-tailed Fisher’s
exact test: odds ratio = 1.13, P = 0.028, mean-
rank gene set enrichment test (11), MR-GSE, P =
3.3 × 10–22 (Fig. 1B)], and this effect was mag-
nified when we considered only the transcripts
that were differentially expressed in the male-only
data set (Fisher’s exact test: odds ratio = 1.56,P=
1.1 × 10–12, MR-GSE test, P = 1.8 × 10–52). To
evaluate the likely impact of the mitochondrially
affected genes on fitness, we tested their asso-
ciation with transcripts known to be associated
with sex-specific fitness (12). Our set of 1554
significant genes was overrepresented among
the genes associated with male fitness (MR-GSE
test, P = 4.19 × 10–6) but not with female fitness
(MR-GSE test, P = 0.61).

The pairwise correlations between the signif-
icant transcripts were used to compute modules
of correlated expression and to cluster these genes
into groups to determine whether they exhibit
functional relationships.We identified 52 transcrip-
tional modules containing from 1 to 275 genes.
The largest modules [those containing more than
10 genes, n = 18 (Fig. 2)] were evaluated for their
level of sexual dimorphism, tissue-specific enrich-
ment, cross-tissue correlation, chromosomal distri-
bution, associationwith functional categories (gene
ontologies) and male fitness, female fitness and
sexual antagonism (12) (SOM text, Table 1, tables
S1 to S18, and figs. S1 to S18).

The two largest modules (12 and 16), together
accounting for ~30% of the significant transcripts,
also show themostmale-biased expression.Module
12, containing 275 genes, is almost exclusively
male-limited transcripts [mean intensity (xm) = 9.7,
SD = 1.2, xf = 6.4, SD = 0.6; range of the whole

data set, 5.7 to 15.1;Wilcoxon test:W= 74553,P=
1.6 × 10–86 (Fig. 3, A and B, and fig. S12B)], with
expression largely limited to the male testes [Fish-

er’s exact test: odds ratio = 107, P= 2 × 10–183; not
significant in any other tissue (Fig. 3D and fig.
S12F)]. Module 16 is represented by 185 genes

Fig. 2. Transcriptional
modules. Level plot rep-
resenting pairwise corre-
lations between the 1554
differentially expressed
genes. The correlation
matrix has been used to
compute modules of cor-
related expression. Mod-
ules are separated by gray
lines (very small modules
can be masked by over-
lapping dividers). The 18
modules with size greater
than 10 are labeled.

Table 1. Main transcriptional modules. See (6) for details on the tests performed. Size indicates number of
genes; Chr. dist., chromosomal distribution bias; GO, Gene Ontology; Associated with, module is over-
represented in listsof candidatemale/female fitness-associatedgenes, published in (12); dashentries,not significant.

Module Size Overall sex bias Tissue specificity Chr. dist. GO terms Associated with

1 44 – Spermatheca,
midgut, fat body

– Table S1 Male fitness,
sexually

antagonistic
selection

2 26 – – – Table S2 –
3 34 Male biased Head, brain, eyes,

thoracic ganglion,
crop

– Table S3 –

4 24 – Brain, eyes,
thoracic ganglion

4 (enriched) Table S4 –

5 38 – – 4 (enriched) Table S5 Male fitness
6 37 Female biased Ovary – Table S6 –
7 100 Female biased Brain, eyes,

thoracic ganglion,
heart, ovary

X (enriched) Table S7 –

8 65 – – – Table S8 –
9 184 Female biased – – Table S9 –
10 94 Female biased Ovary – Table S10 –
11 83 Female biased Ovary – Table S11 –
12 275 Male biased Testes 2L (enriched) Table S12 –
13 29 Female biased – – Table S13 –
14 73 Female biased – – Table S14 –
15 88 – Accessory gland,

ejaculatory duct,
spermatheca,
salivary gland

– Table S15 –

16 185 Male biased Accessory gland,
ejaculatory duct

X (poor) Table S16 Male fitness,
sexually

antagonistic
selection

17 87 – Heart, carcass – Table S17 Male fitness
18 38 – – – Table S18 –
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and is also mostly male-limited [xm = 9.6, SD =
1.8, xf = 6.8, SD = 1.2,Wilcoxon test:W = 31608,
P = 2.8 × 10–46 (Fig. 3, E and F, and fig. S16B)],
with expression primarily in the accessory gland
(Fisher’s exact test: odds ratio = 72, P= 5 × 10–144)
and ejaculatory duct (Fisher’s exact test: odds
ratio = 7.8, P = 1 × 10–21) and relatively low or
absent in the other tissues (Fig. 3H and fig. S16F).

Remarkably, the correlation in expression be-
tween these two clusters of genes in their respective
male-limited tissues and other tissues is on average
zero or even negative (Fig. 3, C and G), in stark
contrast to the high levels of correlation typically
observed among tissues for the whole transcriptome
and subsets thereof (see, for example, figs. S7D,
S8D, and S9D). Taken together, these data support
the hypothesis that a large proportion of the ob-
served differential effects attributable to the mito-
chondrial variants are driven by the accumulation
of mutations in mtDNA that exert male-specific
effects. That is, selection onmtDNA in femaleswill
presumably fail to screen genetic polymorphisms
that are strongly male-biased, active only in male-
limited tissues, and uncorrelated in their expression
with other “shared” tissues.

A mitochondrial mutation load in the male
reproductive tissues is expected to lead to a sharp

decline in male fertility. This has been termed
“mother’s curse” (13) and has gained empirical
support from studies in humans (14), hares (15),
and beetles (16), which have documented asso-
ciations between particular mitochondrial genetic
variants and components of male fertility and
reproductive fitness (13, 15). Genetic polymor-
phisms within the cytoplasm leading to reductions
or elimination of male fertility, via cytoplasmic
male sterility in plants (17, 18) and yeast (19) and
via cytoplasmic incompatibility induced by intra-
cellular parasites (e.g., Wolbachia) in arthropods
(20, 21), have long been documented. We purged
the studied Drosophila lines of bacterial infection
by using antibiotics and can conclude that the
differential gene expressionwitnessed in our study
is most likely driven by mtDNA polymorphisms
(6). Indeed, males carrying one of the five mito-
chondrial haplotypes (Brownsville) used here are
sterile when that haplotype is expressed alongside
the w1118 isogenic background (22) but are fertile
when the same haplotype is expressed alongside
the coevolved natal background (6). The findings
involvingmtDNApolymorphism, and cytoplasmic
genomes in general, indicate the profound scope
by which cytoplasmic genomes affect male fer-
tility. Existence of a sex-specific selective sieve

in mtDNA is likely to exert strong selection on
counteradaptations in the nuclear genome that
restore lost male function (10, 23, 24).

Among the other clusters, we identified two
broad groups whose characteristics suggest that
they are involved in retrograde regulation of nu-
clear DNA transcription (3): genes in modules 6,
7, 10, and 11 (and to some extent 8 and 9) that are
generally moderately expressed in every tissue
but that show a peak in the ovary, suggesting a
weak female bias in expression, and genes with a
tendency to be highly correlated across tissues
(figs. S6 to S11). Furthermore, Gene Ontology
(www.geneontology.org)–enriched molecular
functions mostly refer to proteins with enzymat-
ic, adenosine triphosphate (ATP)–binding and
trans-membrane transporter activity (tables S6
to S11), involved in metabolic and biosynthetic
processes, macromolecule localization, and post-
transcriptional modifications. The second group
is characterized by transcripts specifically in-
volved in mitochondrial functions (modules 1,
12, 14, and 17; see tables S1, S12, S14, and S17).
Enriched gene ontologies for these modules
explicitly refer to mitochondrial cellular structures
(inner membrane, intermembrane space, matrix
and ATP respiratory chain complex) and molec-

Fig. 3. Module 12 and 16. (A and E) Scatter plot representing sex bias in
expression of the 275 genes in module 12 (A) and the 185 genes in module 16
(E). (B and F) Sex-specific expression of genes in module 12 (B) and module 16
(F) across the five mitochondrial haplotypes. Red and blue lines represent
the within-line module average. (C and G) Correlation of the genes in mod-
ule 12 (C) and module 16 (G) across the major tissues of D. melanogaster.

(D and H) Average levels of tissue-specificity in expression for genes in
module 12 (D) and 16 (H). The range of the data set is delimited by the
center (minimum) and the external perimeter (maximum). The circular black
line indicates the average expression in the whole body. The red line rep-
resents the expression in each tissue. Data on tissue-specific expression
were obtained from FlyAtlas (30).
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ular processes (oxidative phosphorylation, respi-
ratory electron transport chain, ATP synthesis).

Population genetic models (4) suggest that
mtDNA mutations that are slightly deleterious to
females can bemaintained at low frequencies under
mutation-selection balance even when highly dele-
terious tomales.Genetic drift will fix some of these
mutations over time, as well as male-harming mu-
tations that are totally neutral in females. This is
because the efficiency of selection acting on mito-
chondrial genomes should be dampened, owing
to their haploidy, maternal transmission, and a
lack of recombination (10, 25). In this sense, they
are destined to accrue mutations in the same way
that asexual organisms will via Muller’s ratchet
(26). Sexually antagonistic selection may also
contribute to this mutation load, given that mu-
tations of even slight benefit to female fitness
will be selectively favored even if of catastrophic
consequence to males. Under this scenario, the
signal in nuclear gene expression induced by
these mutations might simply be too subtle to de-
tect within the nuclear transcriptome of females,
if the phenotypic effects tied to the different
mtDNA strains are much larger in males. Alter-
natively, the nuclear transcriptome might house
modifiers (17, 27), expressed within the male
reproductive tissues, that have evolved to counter
the negative effects of mtDNA mutations and
that responded to the variance in mitochondrial
genomes in our study. Although we cannot con-
fidently ascribe which of the above processes is
the major contributor to the male-specific mu-
tation load that we have detected, they are all
likely to have played some role. Lastly, we raise
the possibility that the existence of large male-
specific differences in nuclear gene expression
across our experimental lines might occur if mod-
ifications to the expression of these nuclear tran-
scripts are neutral to selection. However, this
possibility seems unlikely given that (i) the dif-
ferentially expressed transcripts are associated
with male (but not female) fitness, (ii) one ex-
perimental mtDNA haplotype renders males
sterile when expressed in the w1118 genetic back-
ground, whereas it does not have this effect in
the nuclear background of origin, and (iii) mito-
chondrial genetic variation for male fertility has
been previously documented (14–16). Moreover,
if widespread differences in gene expression are
neutral to selection, this phenomenon should also
have been observed in females, short of assuming
a generalized sex-specific difference in sensitivity
to transcriptional levels.

In sum, mitochondrial genetic effects on male
gene expression within the nuclear transcriptome
were strong, affecting about 10% of all genes
tested. Notably, these affected transcripts stretched
well beyond those involved directly in bioenergetic
processes of the mitochondria (oxidative phospho-
rylation and ATP production), demonstrating that
retrograde signaling between the genomes is much
more pervasive than previously considered. In this
sense, there are parallels with the Y chromosome
(28), which also houses a paucity of protein-coding

genes and shows asymmetric transmission, but is
nonetheless entwined in widespread regulatory
control of the nuclear transcriptome (28, 29). In
contrast to the effects on males, mitochondrial
effects on female-specific expression of the
transcriptome were weak in magnitude and neg-
ligible in number. This discrepancy between the
sexes is entirely consistent with the idea that the
mitochondrial genetic polymorphisms involved
have accrued under a sex-specific selective sieve.
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Role for piRNAs and Noncoding RNA
in de Novo DNA Methylation of the
Imprinted Mouse Rasgrf1 Locus
Toshiaki Watanabe,1,2* Shin-ichi Tomizawa,1,3 Kohzoh Mitsuya,4 Yasushi Totoki,5

Yasuhiro Yamamoto,1,6 Satomi Kuramochi-Miyagawa,7 Naoko Iida,1,8 Yuko Hoki,1,6

Patrick J. Murphy,9 Atsushi Toyoda,10 Kengo Gotoh,7 Hitoshi Hiura,11 Takahiro Arima,11

Asao Fujiyama,10,12 Takashi Sado,1,6 Tatsuhiro Shibata,5 Toru Nakano,7 Haifan Lin,2

Kenji Ichiyanagi,1,6 Paul D. Soloway,9 Hiroyuki Sasaki1,6*

Genomic imprinting causes parental origin–specific monoallelic gene expression through
differential DNA methylation established in the parental germ line. However, the mechanisms
underlying how specific sequences are selectively methylated are not fully understood. We have
found that the components of the PIWI-interacting RNA (piRNA) pathway are required for de novo
methylation of the differentially methylated region (DMR) of the imprinted mouse Rasgrf1 locus,
but not other paternally imprinted loci. A retrotransposon sequence within a noncoding RNA
spanning the DMR was targeted by piRNAs generated from a different locus. A direct repeat in the
DMR, which is required for the methylation and imprinting of Rasgrf1, served as a promoter for this
RNA. We propose a model in which piRNAs and a target RNA direct the sequence-specific
methylation of Rasgrf1.

Imprinted genes show parental origin–specific
monoallelic expression, which is controlled
by DNA methylation in the differentially

methylated regions (DMRs) (1–5). Differential
methylation of the DMRs is established in the

parental germ line, passed to the zygote, and main-
tained in the somatic cells, which eventually leads
to monoallelic expression. During fetal testis de-
velopment, the DMRs are demethylated (imprint
erasure) in primordial germ cells at 10.5 to 12.5
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ular processes (oxidative phosphorylation, respi-
ratory electron transport chain, ATP synthesis).

Population genetic models (4) suggest that
mtDNA mutations that are slightly deleterious to
females can bemaintained at low frequencies under
mutation-selection balance even when highly dele-
terious tomales.Genetic drift will fix some of these
mutations over time, as well as male-harming mu-
tations that are totally neutral in females. This is
because the efficiency of selection acting on mito-
chondrial genomes should be dampened, owing
to their haploidy, maternal transmission, and a
lack of recombination (10, 25). In this sense, they
are destined to accrue mutations in the same way
that asexual organisms will via Muller’s ratchet
(26). Sexually antagonistic selection may also
contribute to this mutation load, given that mu-
tations of even slight benefit to female fitness
will be selectively favored even if of catastrophic
consequence to males. Under this scenario, the
signal in nuclear gene expression induced by
these mutations might simply be too subtle to de-
tect within the nuclear transcriptome of females,
if the phenotypic effects tied to the different
mtDNA strains are much larger in males. Alter-
natively, the nuclear transcriptome might house
modifiers (17, 27), expressed within the male
reproductive tissues, that have evolved to counter
the negative effects of mtDNA mutations and
that responded to the variance in mitochondrial
genomes in our study. Although we cannot con-
fidently ascribe which of the above processes is
the major contributor to the male-specific mu-
tation load that we have detected, they are all
likely to have played some role. Lastly, we raise
the possibility that the existence of large male-
specific differences in nuclear gene expression
across our experimental lines might occur if mod-
ifications to the expression of these nuclear tran-
scripts are neutral to selection. However, this
possibility seems unlikely given that (i) the dif-
ferentially expressed transcripts are associated
with male (but not female) fitness, (ii) one ex-
perimental mtDNA haplotype renders males
sterile when expressed in the w1118 genetic back-
ground, whereas it does not have this effect in
the nuclear background of origin, and (iii) mito-
chondrial genetic variation for male fertility has
been previously documented (14–16). Moreover,
if widespread differences in gene expression are
neutral to selection, this phenomenon should also
have been observed in females, short of assuming
a generalized sex-specific difference in sensitivity
to transcriptional levels.

In sum, mitochondrial genetic effects on male
gene expression within the nuclear transcriptome
were strong, affecting about 10% of all genes
tested. Notably, these affected transcripts stretched
well beyond those involved directly in bioenergetic
processes of the mitochondria (oxidative phospho-
rylation and ATP production), demonstrating that
retrograde signaling between the genomes is much
more pervasive than previously considered. In this
sense, there are parallels with the Y chromosome
(28), which also houses a paucity of protein-coding

genes and shows asymmetric transmission, but is
nonetheless entwined in widespread regulatory
control of the nuclear transcriptome (28, 29). In
contrast to the effects on males, mitochondrial
effects on female-specific expression of the
transcriptome were weak in magnitude and neg-
ligible in number. This discrepancy between the
sexes is entirely consistent with the idea that the
mitochondrial genetic polymorphisms involved
have accrued under a sex-specific selective sieve.

References and Notes
1. M. D. Adams et al., Science 287, 2185 (2000).
2. D. L. Lewis, C. L. Farr, L. S. Kaguni, Insect Mol. Biol. 4,

263 (1995).
3. J. D. Woodson, J. Chory, Nat. Rev. Genet. 9, 383 (2008).
4. S. A. Frank, L. D. Hurst, Nature 383, 224 (1996).
5. M. J. Wade, Y. Brandvain, Evolution 63, 1084 (2009).
6. Materials and methods are available as supporting

material on Science Online.
7. N. J. Gemmell, F. W. Allendorf, Trends Ecol. Evol. 16, 115

(2001).
8. J. A. Zeh, D. W. Zeh, Trends Genet. 21, 281 (2005).
9. D. K. Dowling, T. Meerupati, G. Arnqvist, Am. Nat. 176,

131 (2010).
10. D. K. Dowling, U. Friberg, J. Lindell, Trends Ecol. Evol.

23, 546 (2008).
11. J. Michaud et al., BMC Genomics 9, 363 (2008).
12. P. Innocenti, E. H. Morrow, PLoS Biol. 8, e1000335 (2010).
13. N. J. Gemmell, V. J. Metcalf, F. W. Allendorf, Trends Ecol.

Evol. 19, 238 (2004).
14. E. Ruiz-Pesini et al., Am. J. Hum. Genet. 67, 682 (2000).
15. S. Smith, C. Turbill, F. Suchentrunk,Mol. Ecol. 19, 36 (2010).
16. D. K. Dowling, A. L. Nowostawski, G. Arnqvist, J. Evol.

Biol. 20, 358 (2007).
17. P. Schnable, R. Wise, Trends Plant Sci. 3, 175 (1998).
18. M. M. Rhoades, Science 73, 340 (1931).
19. H. Y. Lee et al., Cell 135, 1065 (2008).

20. J. H. Werren, L. Baldo, M. E. Clark, Nat. Rev. Microbiol. 6,
741 (2008).

21. S. Charlat, G. D. Hurst, H. Merçot, Trends Genet. 19, 217
(2003).

22. D. J. Clancy, Aging Cell 7, 795 (2008).
23. D. M. Rand, R. A. Haney, A. J. Fry, Trends Ecol. Evol. 19,

645 (2004).
24. T. M. Majerus, M. E. Majerus, PLoS Pathog. 6, e1000987

(2010).
25. M. Lynch, Mol. Biol. Evol. 14, 914 (1997).
26. N. A. Moran, Proc. Natl. Acad. Sci. U.S.A. 93, 2873 (1996).
27. V. C. S. de Moraes, F. Alexandrino, P. B. Andrade,

M. F. Câmara, E. L. Sartorato, Biochem. Biophys. Res.
Commun. 381, 210 (2009).

28. B. Lemos, L. O. Araripe, D. L. Hartl, Science 319, 91 (2008).
29. B. Lemos, A. T. Branco, D. L. Hartl, Proc. Natl. Acad. Sci.

U.S.A. 107, 15826 (2010).
30. V. R. Chintapalli, J. Wang, J. A. T. Dow, Nat. Genet. 39,

715 (2007).
Acknowledgments: Funded by grants from the Australian

Research Council (Discovery Project and Australian
Research Fellowship, number DP1092897) and Monash
University to D.K.D.; P.I. and E.H.M. were supported by
the Swedish Research Council (grant 2008-5533 to
E.H.M.). We thank D. Clancy for fly strains; U. Friberg for
discussion; M. Norgate for sequencing; G. Arnqvist,
U. Friberg, and J. Abbott for comments on the
manuscript; and the Uppsala Array Platform. Microarray
data have been deposited on the Gene Expression
Omnibus database, accession no. GSE24729.

Supporting Online Material
www.sciencemag.org/cgi/content/full/332/6031/845/DC1
Materials and Methods
SOM Text
Figs. S1 to S18
Tables S1 to S18
References

2 December 2010; accepted 23 March 2011
10.1126/science.1201157

Role for piRNAs and Noncoding RNA
in de Novo DNA Methylation of the
Imprinted Mouse Rasgrf1 Locus
Toshiaki Watanabe,1,2* Shin-ichi Tomizawa,1,3 Kohzoh Mitsuya,4 Yasushi Totoki,5

Yasuhiro Yamamoto,1,6 Satomi Kuramochi-Miyagawa,7 Naoko Iida,1,8 Yuko Hoki,1,6
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Asao Fujiyama,10,12 Takashi Sado,1,6 Tatsuhiro Shibata,5 Toru Nakano,7 Haifan Lin,2

Kenji Ichiyanagi,1,6 Paul D. Soloway,9 Hiroyuki Sasaki1,6*

Genomic imprinting causes parental origin–specific monoallelic gene expression through
differential DNA methylation established in the parental germ line. However, the mechanisms
underlying how specific sequences are selectively methylated are not fully understood. We have
found that the components of the PIWI-interacting RNA (piRNA) pathway are required for de novo
methylation of the differentially methylated region (DMR) of the imprinted mouse Rasgrf1 locus,
but not other paternally imprinted loci. A retrotransposon sequence within a noncoding RNA
spanning the DMR was targeted by piRNAs generated from a different locus. A direct repeat in the
DMR, which is required for the methylation and imprinting of Rasgrf1, served as a promoter for this
RNA. We propose a model in which piRNAs and a target RNA direct the sequence-specific
methylation of Rasgrf1.

Imprinted genes show parental origin–specific
monoallelic expression, which is controlled
by DNA methylation in the differentially

methylated regions (DMRs) (1–5). Differential
methylation of the DMRs is established in the

parental germ line, passed to the zygote, and main-
tained in the somatic cells, which eventually leads
to monoallelic expression. During fetal testis de-
velopment, the DMRs are demethylated (imprint
erasure) in primordial germ cells at 10.5 to 12.5
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days postcoitum (dpc) and de novomethylated (es-
tablishment) in prospermatogonia or gonocytes at
12.5 to 18.5 dpc (2, 3, 5–7), as retrotransposons
(1–3, 5). Of the three well-studied paternally
methylated DMRs, the Rasgrf1 DMR is unique
in its requirement for the DNAmethyltransferase
Dnmt3b in both de novomethylation (8) andmain-
tenance methylation (9). Intracisternal A-type
particle (IAP) and long interspersed nucleotide
element–1 (LINE1 or L1) retrotransposons also
require Dnmt3b, as well as PIWI proteins and
PIWI-interacting RNAs (piRNAs), for de novo
methylation in themale germ line (7, 10). piRNAs
are 24- to 30-nucleotide (nt) small RNAs that bind
to PIWI proteins. The PIWI-piRNA complexes
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Fig. 1. DNA methylation of the imprinted Rasgrf1 DMR is impaired in piRNA
pathway mutants. (A) Methylation status of a portion of the Rasgrf1 DMR
[corresponding to a part of region K in (B)] in spermatogonia from Mili,
MitoPLD, andMiwi2mutants revealed by bisulfite sequencing. Open and filled
circles represent unmethylated andmethylated cytosines, respectively. A result
on 12.5-dpc wild-type whole-embryo DNA is also shown (control, 50% meth-
ylation expected). Percentage of methylation is shown below each panel. (B)
Methylation status across the Rasgrf1 DMR in MitoPLD mutants. The green

and gray bars show the gametic DMRs (regions differentially methylated
between oocyte and sperm) (30), of which the green one is important for
imprinting. Positions of CpGs are indicated by short vertical bars. Repeat
sequences identified by RepeatMasker are shown as colored boxes: green,
LINE; purple, short interspersed nucleotide element (SINE); white, simple
repeat; gray, LTR; light gray, DNA transposon. A direct repeat consisting of
40 copies of a 41-oligomer (18) and a copy of RMER4B solo LTR are also
indicated.
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(PIWI-piRNAs) repress retrotransposons posttran-
scriptionally. Of the three mouse PIWI proteins,
MILI and MIWI2 are expressed in fetal testes and
MIWI in postnatal testes. Because DNA methyl-
ation of IAP and L1 retrotransposons is defective
in the male germ line of Mili and Miwi2 mutants
(7, 10, 11), PIWI-piRNAs may also repress the
retrotransposons transcriptionally through DNA
methylation.

TodeterminewhetherPIWI-piRNAsare required
for de novo methylation of the DMRs at imprinted
loci, we studiedmicewithmutations in the piRNA
pathway. MitoPLD/Zucchini is a protein with a
phospholipase D/nuclease domain involved in
primary piRNA production in both flies andmice
(12–15). TheMili,Miwi2, andMitoPLDmutants
show meiotic arrest during spermatogenesis. We
analyzed the four paternally methylated DMRs
(H19, Dlk1–Gtl2, Gpr1–Zdbf2, and Rasgrf1) in
spermatogonia from Mili, Miwi2, and MitoPLD
mutant pups by bisulfite sequencing (16). In the
mutants, the Rasgrf1 DMR showed reduced
methylation (Fig. 1A), whereas the H19, Dlk1–
Gtl2, and Gpr1–Zdbf2 DMRs showed normal
levels of methylation (figs. S1 and S2). At the
Rasgrf1 DMR, methylation was more severely
affected in the Mili (23.3% methylation versus
93.4% methylation in control heterozygotes) and
MitoPLD mutants (16.8% versus 83.8%) than in
the Miwi2 mutants (58.6% versus 77.2%). The
Rasgrf1DMR is located onmouse chromosome 9
(chr9) between Rasgrf1 and the A19 noncoding
RNA, both of which are imprinted (17, 18). In
theMitoPLDmutants, which showed the severest
reduction in piRNAs, an ~2–kilobase (kb) region
containing a cluster of CpGs was affected (region
H to region L in Fig. 1B). A direct repeat in the
Rasgrf1 DMR is known to be essential for meth-
ylation and imprinting ofRasgrf1 (19). In the sperm
of the direct-repeat deletion mutants, the meth-
ylation status of the CpG cluster (corresponding to
region K in Fig. 1B) is affected, whereas regions
upstream and downstream of the cluster (regions
upstream of region F and downstream of region Q
in Fig. 1B) are unaffected (19, 20). The extent and
pattern of the defect in methylation in theMitoPLD
mutants were essentially the same as those in the
direct-repeat deletion mutants (19, 20), which sug-
gests that the methylation responsible for Rasgrf1
imprinting is lost in theMitoPLDmutants.

To reveal the effect of the three mutations on
piRNAexpression,weanalyzed smallRNAlibraries

prepared from mutant fetal testes by Solexa deep
sequencing (table S1). The relative abundance of
24- to 30-nt piRNAs decreased in all mutants com-
pared with the wild-type control (Fig. 2A). It is
known that MIWI2-bound piRNAs are larger in

size than MILI-bound piRNAs. In the MitoPLD
and Mili mutants, both 26-nt MILI-bound and
29-ntMIWI2-bound piRNAswere present at very
low levels (3.4%and 3.5%of thewild-type control
and 13.9% and 7.9% of the control, respectively)

Fig. 2. Decreased piRNA levels in piRNA pathway
mutants. (A) Size profiles are shown for small RNAs
from wild-type (control), Mili−/−, MitoPLD−/−, and
Miwi2−/− testes at 16.5 dpc. The peak at 22 nt
represents miRNAs, and the other at 24 to 30 nt
represents piRNAs. (B) Relative levels of Mili-bound
(26-nt) and Miwi2-bound (29-nt) piRNAs compared
with wild-type. The levels of miRNA were used to
normalize the piRNA levels.

0

0.1

0.2

0.3

0.4

0.5

20 22 24 26 28 30 32

Length

R
at

io

A
Wild-type

MitoPLD -/-

Mili -/-

Miwi2 -/-

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

M
IW

I2
 p

iR
N

A
 (

29
 n

t s
m

al
l R

N
A

) 

MILI piRNA (26 nt small RNA)

B
Wild-type

MitoPLD -/-

Mili -/-

Miwi2 -/-

0

1

2

3

4

5

6

7

10
0

70
0

13
00

19
00

25
00

31
00

37
00

43
00

49
00

55
00

61
00

67
00

73
00

79
00

85
00

91
00

0

50

100

150

200

250

300

350

0

50

100

150

200

250

300

350

0

1

2

3

4

5

6

7

10
0

70
0

13
00

19
00

25
00

31
00

37
00

43
00

49
00

55
00

61
00

67
00

73
00

79
00

85
00

91
00

Unique Unique
MitoPLD +/+ MitoPLD -/-

Including mismatchesIncluding mismatches

RMER4B

unique

unique

unique

1-3 reads

4-20 reads

>21 reads+ strand

+ strand

- strand

- strand unique

10 nt

10 nt

RMER4B

site 1

site 2

position position

A

B

N
um

be
r 

of
 s

m
al

l R
N

A
 h

it

N
um

be
r 

of
 s

m
al

l R
N

A
 h

it

Decreased methylation Decreased methylation 

chr9:89774351-89774510 (ucsc 2007)  
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(Fig. 2B). In the Miwi2 mutants, 26-nt piRNAs
were unchanged (99.2% of the control), whereas
29-nt piRNAs were reduced (36.7% of the con-
trol) (Fig. 2B). The extents of the defect in piRNA
expression correlated with those in DNA methyl-
ation of theRasgrf1DMR in themutants (Fig. 1A).

To further explore the link between piRNA
and Rasgrf1 methylation, we identified 23- to
31-nt small RNAsmapping to theRasgrf1DMR.
Twenty-one small RNA reads from wild-type
testes uniquely mapped to the DMR with perfect
sequence matches (Fig. 3A and table S2), which
showed that they are derived from this DMR. In
MitoPLD mutants, these small RNAs were lost
(Fig. 3A), which indicated that they are indeed
piRNAs.Whenwe allowed one or twomismatches,
hundreds of piRNAs mapped to a narrow region
annotated as an RMER4B sequence, located just
upstream of the direct repeat. RMER4B is a solo
long terminal repeat (LTR)–type retrotransposon
found in a few thousand copies in the mouse ge-
nome. Most (95.2%) of these piRNAs also mapped

to another RMER4B copy in a piRNA cluster on
chr7 with perfect matches (fig. S3 and table S3).
Furthermore, most (78.9%) of the chr7-matched
piRNAs were unique (table S3), which suggested
that they are generated from the chr7 piRNAcluster.

The Rasgrf1-derived piRNAs mapped to the
minus strand of the Rasgrf1 DMR (Fig. 3B), but
the chr7-derived piRNAs predominantly mapped
to the plus strand in two small regions (compris-
ing sites 1 and 2 in Fig. 3B), which have similar
sequences owing to a sequence duplication. In
eachmapped region, a 10-nt overlapwas observed
between the chr7-derived piRNAs and Rasgrf1-
derived piRNAs (Fig. 3B), characteristic of the
piRNA ping-pong cycle, which generates sec-
ondary piRNAs from target RNAs through
cleavage by PIWI-piRNAs (21, 22). These obser-
vations indicate that an RNA (or RNAs) tran-
scribed from the Rasgrf1DMR is targeted by the
chr7-derived piRNAs.

In a region immediately upstream of the
RMER4B copy in the Rasgrf1 DMR, we iden-

tified an RNA that was specifically expressed in
prospermatogonia (Fig. 4A). Cleavage of a target
RNAby PIWI-piRNAs creates a 5′ endwithmono-
phosphate. To map the cleavage sites in the new-
ly identified RNA, we carried out modified RNA
ligase–mediated 5′ rapid amplification of cDNA
ends (modified RACE) (23). The most common
5′ end of the RNA fragments mapped precisely to
site 1 (Figs. 3B and 4B), which was one of the two
ping-pong signature sites.We could not detect frag-
ments cleaved at site 2, probably because of the
simultaneous cleavage at site 1, which was proxi-
mal to the primer site. TheRNA fragments cleaved
at site 1 disappeared inMitoPLDmutants, which
confirmed that the RNA is targeted by piRNAs.
Furthermore, the RNAwas up-regulated ~5 times
in the mutants (Fig. 4D). We named this RNA
“piRNA-targetednoncodingRNA” (pit-RNA). The
pit-RNA transcript was specifically expressed dur-
ing the stage of de novo methylation (SOM text).

Rasgrf1 is imprinted in mice and rats but not
in other rodent species (18). We found that the
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RMER4B copies are conserved in the rat genome
at both the Rasgrf1DMR and the piRNA cluster.
Furthermore, it was reported that the direct repeat
essential for the methylation and imprinting of
Rasgrf1 (19) is found in mice and rats but not in
Peromyscus and rabbits (18). The 5′ end of pit-
RNA determined by 5′ RACE indicated that its
transcription is initiated within this direct repeat
(Fig. 4C). It is therefore possible that the defect
inRasgrf1 imprinting observed in the direct-repeat
mutants (19) is a consequence of loss of pit-RNA.
Consistent with this notion, pit-RNA was much
reduced in testes of the mutants (Fig. 4E). It there-
fore appears that, through acquisition of the
retrotransposon copies and direct repeat, Rasgrf1
acquired imprinting to regulate postnatal growth
(24), as explained by the “conflict hypothesis”
(25). However, it is also possible that Rasgrf1
imprinting is an inconsequential outcome of the
importance of retrotransposon repression in the male
germ line (i.e., Rasgrf1 is an innocent bystander),
as retrotransposon repression by the piRNA path-
way is essential for spermatogenesis.

In the small interfering RNA (siRNA)–
mediated transcriptional silencing systems of
Schizosaccharomyces pombe andArabidopsis, poly-
merase II (Pol II)–transcribed and Pol V–transcribed
nascent RNAs, respectively, have been proposed to
serve as scaffolds for recruitment of the silencing
machinery through siRNA binding (26–28). In the
Rasgrf1 locus, the noncoding pit-RNA is targeted
by piRNAs, and disruption of pit-RNA transcrip-
tion results in a failure in de novo methylation.
Furthermore, in mice heterozygous for the direct-
repeat mutation, only the mutated allele loses
methylation (19), which indicates that the repeat

acts in cis for methylation. Therefore, although
we cannot formally rule out an indirect effect of
PIWI-piRNAs, these results together lead us to
propose that targeting of nascent pit-RNAs by
PIWI-piRNAs at the site of transcription is an
important step in the sequence-specific meth-
ylation of the Rasgrf1DMR (fig. S4). In growing
oocytes, transcription through the Gnas DMRs
is required for their methylation (29), but in this
case, involvement of the piRNA pathway is un-
likely, because the offspring from Mili, Miwi2,
and MitoPLD female mutants show no discern-
ible phenotype (7, 10, 11, 15). In prospermatogonia,
however, a large proportion of piRNAs maps to
retrotransposons, and it is likely that transcrip-
tion through retrotransposon sequences has a
role in shaping the epigenetic landscape of male
germ cells. The methylation patterns established
in this way are mostly reprogrammed in early em-
bryos, but the Rasgrf1 DMR is unique in that it
maintains the parental origin–specific methyla-
tion (SOM text).
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Polarized notum Activation at Wounds
Inhibits Wnt Function to Promote
Planarian Head Regeneration
Christian P. Petersen1* and Peter W. Reddien1,2,3†

Regeneration requires initiation of programs tailored to the identity of missing parts. Head-versus-tail
regeneration in planarians presents a paradigm for study of this phenomenon. After injury, Wnt
signaling promotes tail regeneration. We report that wounding elicits expression of the Wnt inhibitor
notum preferentially at anterior-facing wounds. This expression asymmetry occurs at essentially any
wound, even if the anterior pole is intact. Inhibition of notum with RNA interference (RNAi) causes
regeneration of an anterior-facing tail instead of a head, and double-RNAi experiments indicate that
notum inhibits Wnt signaling to promote head regeneration. notum expression is itself controlled
by Wnt signaling, suggesting that regulation of feedback inhibition controls the binary head-tail
regeneration outcome. We conclude that local detection of wound orientation with respect to tissue
axes results in distinct signaling environments that initiate appropriate regeneration responses.

How an organism determines what cells
or tissues are missing for regeneration is
poorly understood. Planarians are fresh-

water flatworms that can regenerate from nearly
any injury (1). The head-versus-tail regeneration
decision in planarians, known as regeneration

polarity, is a paradigm for studying appropriate
regeneration program specification (2). Wnt sig-
naling controls regeneration polarity, with path-
way components b-catenin-1 (3–5) and wnt1
(formerly called wntP-1) (6–8) required to pre-
vent head regeneration and promote tail regener-

ation at posterior-facing wounds. wnt1 expression
is up-regulated near both anterior- and posterior-
facing wounds (6, 8, 9). Therefore, how wnt1
and b-catenin act to promote tail formation only
at appropriate wounds is unknown.

We sought factors that inhibit Wnt signal-
ing at anterior-facing wounds to promote head
regeneration, and we identified a planarian homo-
log of Drosophila notum (Smed-notum) (fig. S1)
(10). Notum proteins are secreted a/b-hydrolase
family members (11, 12), cleave glycosylphos-
phatidylinositol anchors of cell surface proteins
(13), and can act on glypicans to modulate Dro-
sophilaWnt signaling (11, 12, 14, 15). Glypicans
are cell surface, heparan-sulfate proteoglycans that
participate in several signaling pathways (16). The
roles of Notum proteins in development are un-
known outside of Drosophila.
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RMER4B copies are conserved in the rat genome
at both the Rasgrf1DMR and the piRNA cluster.
Furthermore, it was reported that the direct repeat
essential for the methylation and imprinting of
Rasgrf1 (19) is found in mice and rats but not in
Peromyscus and rabbits (18). The 5′ end of pit-
RNA determined by 5′ RACE indicated that its
transcription is initiated within this direct repeat
(Fig. 4C). It is therefore possible that the defect
inRasgrf1 imprinting observed in the direct-repeat
mutants (19) is a consequence of loss of pit-RNA.
Consistent with this notion, pit-RNA was much
reduced in testes of the mutants (Fig. 4E). It there-
fore appears that, through acquisition of the
retrotransposon copies and direct repeat, Rasgrf1
acquired imprinting to regulate postnatal growth
(24), as explained by the “conflict hypothesis”
(25). However, it is also possible that Rasgrf1
imprinting is an inconsequential outcome of the
importance of retrotransposon repression in the male
germ line (i.e., Rasgrf1 is an innocent bystander),
as retrotransposon repression by the piRNA path-
way is essential for spermatogenesis.

In the small interfering RNA (siRNA)–
mediated transcriptional silencing systems of
Schizosaccharomyces pombe andArabidopsis, poly-
merase II (Pol II)–transcribed and Pol V–transcribed
nascent RNAs, respectively, have been proposed to
serve as scaffolds for recruitment of the silencing
machinery through siRNA binding (26–28). In the
Rasgrf1 locus, the noncoding pit-RNA is targeted
by piRNAs, and disruption of pit-RNA transcrip-
tion results in a failure in de novo methylation.
Furthermore, in mice heterozygous for the direct-
repeat mutation, only the mutated allele loses
methylation (19), which indicates that the repeat

acts in cis for methylation. Therefore, although
we cannot formally rule out an indirect effect of
PIWI-piRNAs, these results together lead us to
propose that targeting of nascent pit-RNAs by
PIWI-piRNAs at the site of transcription is an
important step in the sequence-specific meth-
ylation of the Rasgrf1DMR (fig. S4). In growing
oocytes, transcription through the Gnas DMRs
is required for their methylation (29), but in this
case, involvement of the piRNA pathway is un-
likely, because the offspring from Mili, Miwi2,
and MitoPLD female mutants show no discern-
ible phenotype (7, 10, 11, 15). In prospermatogonia,
however, a large proportion of piRNAs maps to
retrotransposons, and it is likely that transcrip-
tion through retrotransposon sequences has a
role in shaping the epigenetic landscape of male
germ cells. The methylation patterns established
in this way are mostly reprogrammed in early em-
bryos, but the Rasgrf1 DMR is unique in that it
maintains the parental origin–specific methyla-
tion (SOM text).
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Polarized notum Activation at Wounds
Inhibits Wnt Function to Promote
Planarian Head Regeneration
Christian P. Petersen1* and Peter W. Reddien1,2,3†

Regeneration requires initiation of programs tailored to the identity of missing parts. Head-versus-tail
regeneration in planarians presents a paradigm for study of this phenomenon. After injury, Wnt
signaling promotes tail regeneration. We report that wounding elicits expression of the Wnt inhibitor
notum preferentially at anterior-facing wounds. This expression asymmetry occurs at essentially any
wound, even if the anterior pole is intact. Inhibition of notum with RNA interference (RNAi) causes
regeneration of an anterior-facing tail instead of a head, and double-RNAi experiments indicate that
notum inhibits Wnt signaling to promote head regeneration. notum expression is itself controlled
by Wnt signaling, suggesting that regulation of feedback inhibition controls the binary head-tail
regeneration outcome. We conclude that local detection of wound orientation with respect to tissue
axes results in distinct signaling environments that initiate appropriate regeneration responses.

How an organism determines what cells
or tissues are missing for regeneration is
poorly understood. Planarians are fresh-

water flatworms that can regenerate from nearly
any injury (1). The head-versus-tail regeneration
decision in planarians, known as regeneration

polarity, is a paradigm for studying appropriate
regeneration program specification (2). Wnt sig-
naling controls regeneration polarity, with path-
way components b-catenin-1 (3–5) and wnt1
(formerly called wntP-1) (6–8) required to pre-
vent head regeneration and promote tail regener-

ation at posterior-facing wounds. wnt1 expression
is up-regulated near both anterior- and posterior-
facing wounds (6, 8, 9). Therefore, how wnt1
and b-catenin act to promote tail formation only
at appropriate wounds is unknown.

We sought factors that inhibit Wnt signal-
ing at anterior-facing wounds to promote head
regeneration, and we identified a planarian homo-
log of Drosophila notum (Smed-notum) (fig. S1)
(10). Notum proteins are secreted a/b-hydrolase
family members (11, 12), cleave glycosylphos-
phatidylinositol anchors of cell surface proteins
(13), and can act on glypicans to modulate Dro-
sophilaWnt signaling (11, 12, 14, 15). Glypicans
are cell surface, heparan-sulfate proteoglycans that
participate in several signaling pathways (16). The
roles of Notum proteins in development are un-
known outside of Drosophila.

1Whitehead Institute for Biomedical Research, Cambridge, MA
02142, USA. 2Department of Biology, Massachusetts Institute
of Technology, Cambridge, MA 02138, USA. 3Howard Hughes
Medical Institute, 4000 Jones Bridge Road, Chevy Chase, MD
20815, USA.

*Present address: Department of Molecular Biosciences,
Northwestern University, Evanston, IL 60208, USA.
†To whom correspondence should be addressed. E-mail:
reddien@wi.mit.edu

13 MAY 2011 VOL 332 SCIENCE www.sciencemag.org852

REPORTS

 o
n 

M
ay

 1
2,

 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/


notum was expressed at the planarian ante-
rior pole (Fig. 1A). In contrast, wnt1 is expressed
oppositely, at the posterior pole (3, 6). Early after

head and tail amputation (6 to 24 hours), notum
expression was highly up-regulated preferentially
near anterior-facing wounds (Fig. 1B and fig. S2).

notum expression was weaker and initiated later at
posterior-facing wounds. Later after amputation
(48 to 72 hours), anterior notum expression was

Fig. 1. notum is expressed at anterior-facing wounds. (A to C) notum in situ
hybridizations: intact animals (A); regenerating head and trunk fragments over
time (hours, h) [(B) and (C)]. Brackets shown in (A) indicate regions imaged in (B)
and (C). (D) notum is expressed in anterior-pole, subepidermal cells (arrow). (D
and E) The area highlighted by the dashed green box is enlarged in the right
panels. (E) Double-fluorescence in situ hybridization (FISH); notum (red) andwnt1
(blue) are coexpressed (arrows) at an anterior-facing wound (yellow dotted line) 18

hours after amputation. (F to I) FISH; notum expression 6 hours after incisions.
(Top) The green box depicts the region that was imaged; red lines depict incisions.
(Bottom) Dotted red lines show sealed wound location. In (G) and (H), triangular
tissue was removed and the wound allowed to seal; tissue between incision sites
(~200 mm apart) in (I) was not removed. Anterior to the left [(B) to (I)] or top (A);
dorsal view, (A), 72 hours in (C) and (D); or ventral view (all other panels). Images
represent ≥four of five animals per panel. Scale bars, 200 mm.

Fig. 2. notum is required for head-tail regeneration polarity. (A) notum(RNAi)
fragments failed to regenerate a head by 14 days after amputation
(47%, n = 133; controls were normal, 100%, n = 101). (B to F) Control
or notum(RNAi)-regenerating animals lacking photoreceptors were probed
for expression of (B) PC2 (prohormone convertase 2, central nervous sys-
tem marker), (C) sFRP-1 (anterior-pole marker), (D) wnt1, (E) fzd-4 (posterior
markers), or (F) madt (gut marker, green). Blue, Hoechst stain. Arrows in-
dicate lack of anterior marker [(B) and (C)], posterior marker presence [(D)

and (E)], or posterior gut morphology (F) in notum(RNAi) animals. cg, ce-
phalic ganglia; pr, photoreceptors. Images are representatives: (B) 9/11, (C)
8/25, (D) 7/24, and (E) 11/38 notum(RNAi) animals; other panels, 100%,
n ≥ 7. (G) Anterior- or posterior-facing wounds, probed for wntP-2 ex-
pression. wntP-2 has been proposed to be Wnt11-related with the name
wnt11-5 (8). Arrows indicate ectopic wntP-2 expression. Images represent
≥five of six animals per panel. Anterior to the left. Scale bars, 500 mm (A);
200 mm (all other panels).
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coalesced at the pole, whereas posterior expres-
sion remained low (Fig. 1C and fig. S2). notum
was expressed in subepidermal cells (Fig. 1D)
that, at wounds, resemble wnt1-expressing cells
(6). Indeed, notum and wnt1were coexpressed in
some cells at anterior-facing wounds (Fig. 1E).

To test whether wound-site notum expression
is specific to head amputation, we incised animal
sides without tissue removal. notum expres-
sion was detected specifically on the anterior-
facing side of these sealed incisions (Fig. 1F).
Therefore, asymmetric notum expression after
wounding (greater at anterior-facing rather than
posterior-facing wounds) does not require the
loss of large tissue regions, such as the anterior
pole. Asymmetric wound expression also occurred
at sealed incisions diagonal to the main body
axis (Fig. 1G) and was independent of anterior
or posterior pole presence (Fig. 1H), indicating
that local cues rather than signals from poles
control notum expression asymmetry at wounds.
We conclude that wounding elicits notum expres-
sion, dependent on wound-edge orientation with
respect to the polarized primary body axis.

Posterior-facing wounds could be nonpermis-
sive, and/or anterior-facingwounds could be spec-
ifically instructive, for notum expression. We
therefore examined notum expression between two
closely opposed wounds. Regions neighboring
only an anterior-facing wound had more notum-
expressing cells than did regions bordering both
anterior- and posterior-facing wounds (11.0 T 6.9

versus 1.6 T 2.4 cells, respectively, n = 8 animals)
(Fig. 1I). These data suggest that posterior-facing
wounds suppress wound-induced notum expres-
sion, providing expression asymmetry.

The specificity of strong notum expression
for anterior-facing wounds suggests that notum
might control regeneration polarity. After head
and tail amputation, notum(RNAi) animals [RNA
interference (RNAi)] failed to regenerate a head
with photoreceptors (47%, n = 113) and re-
generated posterior-facing tails apparently nor-
mally (Fig. 2A). notum(RNAi) animals that did
regenerate at least one photoreceptor did so ab-
errantly, possibly reflecting a weakly expressive
notum(RNAi) phenotype (fig. S3). To character-
ize notum(RNAi) anterior blastemas lacking pho-
toreceptors, we assessed axial marker expression
(Fig. 2, B to F). notum(RNAi) anterior blastemas
lacked cephalic ganglia and anterior-pole marker
expression (sFRP-1) (Fig. 2, B and C). In contrast,
notum(RNAi) anterior blastemas expressed the
posterior markers wnt1 and frizzled-4 (Fig. 2, D
and E). Furthermore, notum(RNAi) animals re-
generated an anterior gut with posterior-specific
morphology (two main branches) (Fig. 2F). We
conclude that notum inhibition caused regen-
eration of an anterior-facing second tail after
head and tail amputation. notum double-stranded
RNA (dsRNA) delivery only after amputation also
resulted in a regeneration polarity reversal (fig.
S4), indicating a requirement for new notum ex-
pression after wounding.

wntP-2 [propsed to be Wnt11-related (8)] ex-
pression is up-regulated at posterior- and not
anterior-facingwounds, and this requireswnt1 and
b-catenin-1 (6). Therefore, wntP-2 expression re-
flects an early readout (i.e., well before the ma-
jority of tissue forms) ofwnt1/b-catenin–mediated
polarity specification. notum(RNAi) fragments
expressed wntP-2 ectopically at anterior-facing
wounds by 48 hours after injury (Fig. 2G), in-
dicating that notum normally prevents activation
of b-catenin targets at anterior-facing wounds.

The notum(RNAi) phenotype is similar to that
caused by inactivation of APC, an intracellular
b-catenin inhibitor (4). Additionally, Drosophila
notum inhibits Wnt signaling in imaginal discs
(11, 12). Therefore, we performed double-RNAi
experiments to assess the candidate pathway
of action involving notum, b-catenin-1, and wnt1.
b-catenin-1 and notum double RNAi resulted
in a polarity phenotype identical to that of
b-catenin-1 RNAi alone: anterior- and posterior-
facing head regeneration (Fig. 3A). Similarly,
wnt1 inhibition suppressed the polarity pheno-
type caused by notum RNAi (Fig. 3A). notum
RNAi efficiency was not reduced in double-
RNAi animals (fig. S5), indicating that sup-
pression of the notum phenotype by wnt1 and
b-catenin-1 dsRNA is unlikely to be explained
simply by competition with notum dsRNA for
RNAi. These data suggest that the notum(RNAi)
phenotype requires wnt1 and b-catenin genes,
supporting a model in which notum normally

Fig. 3. notum is a Wnt signaling–dependent Wnt inhibitor that controls re-
generation polarity. (A) Double RNAi between notum and Wnt signaling com-
ponents. The chart shows phenotypes (PR, photoreceptor) as percentages of
animals. wnt1 RNAi can cause tail-regeneration failure and/or head regeneration
at posterior-facing wounds (6–8). Competition between wnt1 and notum dsRNA
probably accounts for tail-regeneration failure rather than ectopic head re-
generation in wnt1(RNAi); notum(RNAi) animals. (B) b-catenin-1(RNAi) reduced,
and APC(RNAi) enhanced, notum expression 18 hours after amputation. notum-

expressing cell numbers at anterior-facing wounds: controls, 102 T 17 cells;
b-catenin-1(RNAi), 17 T 23 cells (P = 6.5 × 10−8); APC(RNAi), 186 T 37 cells
(P = 8.1 × 10−6). Number of notum-expressing cells at posterior-facing wounds:
controls, 9 T 5 cells; b-catenin-1(RNAi), 1 T 3 cells (P = 0.003); APC(RNAi), 30 T
24 cells (P = 0.014). Errors, standard deviations; P values, two-tailed t tests.
Anterior to the top (A) or left (B). Scale bars, 200 mm. (C) Proposed pathway:
selective feedback inhibition of wound-induced Wnt signaling by notum at
anterior-facing wounds controls switchlike behavior of regeneration polarity.
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inhibits wnt1 and b-catenin-1 function to allow
head regeneration.

Hedgehog signaling affects planarian regen-
eration polarity (9, 17), so we tested whether
notum requires or influences Hedgehog signal-
ing. patched RNAi overactivates Hedgehog sig-
naling and increases wnt1 wound expression;
hedgehog inhibition reduces wnt1 wound expres-
sion (9, 17). In contrast, notum(RNAi) animals dis-
played normal wnt1 expression after amputation
(fig. S6A), suggesting that notum does not act
in polarity by influencing Hedgehog activity.
Second, patched(RNAi) animals regenerated an-
terior tails (n = 3 of 10 animals) but had normal
asymmetric notum expression at wounds (n = 8/8)
(fig. S6B), suggesting that Hedgehog signaling
does not act in regeneration polarity to drive
asymmetric notum expression at wounds.

notum can function as a wingless (Wnt) feed-
back inhibitor in Drosophila (11, 12), so we tested
whether Wnt signaling is required for wound-
induced notum expression. b-catenin-1 inhibition
before amputation robustly reduced notum expres-
sion levels near wounds (Fig. 3B and fig. S7). Con-
versely, APC RNAi caused notum up-regulation
near wounds (Fig. 3B and fig. S7, A to C). There-
fore, Wnt signaling is necessary and can be suf-
ficient at wounds for notum expression. Whether
Smed-notum is a direct or indirect b-catenin tran-
scriptional target is unknown, but notum is a direct
target of Wnt signaling in cultured Drosophila and
mammalian cells (18, 19). Wnt signaling perturba-
tion affected notum expression regardless of wound
orientation (fig. S7, A and B), so we propose that
some other process ensures asymmetric notum
expression at wounds. Specifically, in APC(RNAi)
animals, notum was up-regulated at wounds, but
expression asymmetry remained. Because Smed-
notum inhibits b-catenin-1 activity and requires
b-catenin-1 for its effects, these results suggest

that regulation of feedback inhibition controls
the regeneration polarity decision (Fig. 3C).

Wnt signaling is used broadly in regeneration
(20–24), and our results suggest thatNotumproteins
can be an important determinant of the outcome
of Wnt expression in regeneration. Additionally,
primary body-axis development involves anterior
Wnt inhibition in many animals (25); notum is an
ancient gene present in many metazoans (fig.
S1), making it a candidate for controlling anterior
identity broadly. Feedback inhibitors operate in
many signaling pathways (26) and frequently
simply attenuate pathway output. Here, we present
evidence that a target and inhibitor of Wnt sig-
naling, the secreted hydrolase NOTUM, controls the
switchlike behavior of the head-versus-tail regen-
eration decision in planarians. These results raise
the possibility that control of whether feedback
inhibition occurs could, in general, be used to me-
diate binary developmental decisions.

In principle, decisions of which tissues to re-
generate could be accomplished only by sensing
the absence of particular structures. In contrast,
our results indicate that regeneration programs
elicited at wounds can involve local responses
to tissue orientation regardless of the identity
of missing tissue. We conclude that initiation of
correct regeneration programs involves responses
to wounding that depend on local tissue polar-
ization, such as along a body axis.
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Malaria parasite transmission depends on the successful transition of Plasmodium through discrete
developmental stages in the lumen of the mosquito midgut. Like the human intestinal tract, the mosquito
midgut contains a diverse microbial flora, which may compromise the ability of Plasmodium to establish
infection. We have identified an Enterobacter bacterium isolated from wild mosquito populations in
Zambia that renders the mosquito resistant to infection with the human malaria parasite Plasmodium
falciparum by interfering with parasite development before invasion of themidgut epithelium. Phenotypic
analyses showed that the anti-Plasmodium mechanism requires small populations of replicating bacteria
and is mediated through a mosquito-independent interaction with the malaria parasite. We show that this
anti-Plasmodium effect is largely caused by bacterial generation of reactive oxygen species.

Plasmodium parasites suffer considerable
losses during their development in the mos-
quito midgut (1, 2), where they encounter

a hostile environment of human blood–derived
factors, mosquito innate immune responses, and
resident microbiota. However, escape of only a few

parasites is sufficient to ensure onward transmis-
sion. Midgut bacteria play a key role in modulating
Plasmodium infection of the Anopheles mosquito
vector (3–7), but the mechanism(s) of bacterially
mediated parasite inhibition has not been described,
although the mosquito’s innate immune responses
to the microbiota and parasite challenge have been
implicated in this phenomenon (6–10).

In the present study, we isolated bacteria from
southern Zambian populations of A. arabiensis,
an important malaria vector, during two collect-
ing trips in two consecutive years (11). A major-
ity of the captured mosquito’s midguts contained
bacteria, with an average concentration of 104

bacteria per non–blood-fed gut, similar to that ob-
served for laboratory-reared Anopheles mosqui-
toes (6). Sixteen distinct bacterial strains were
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inhibits wnt1 and b-catenin-1 function to allow
head regeneration.

Hedgehog signaling affects planarian regen-
eration polarity (9, 17), so we tested whether
notum requires or influences Hedgehog signal-
ing. patched RNAi overactivates Hedgehog sig-
naling and increases wnt1 wound expression;
hedgehog inhibition reduces wnt1 wound expres-
sion (9, 17). In contrast, notum(RNAi) animals dis-
played normal wnt1 expression after amputation
(fig. S6A), suggesting that notum does not act
in polarity by influencing Hedgehog activity.
Second, patched(RNAi) animals regenerated an-
terior tails (n = 3 of 10 animals) but had normal
asymmetric notum expression at wounds (n = 8/8)
(fig. S6B), suggesting that Hedgehog signaling
does not act in regeneration polarity to drive
asymmetric notum expression at wounds.

notum can function as a wingless (Wnt) feed-
back inhibitor in Drosophila (11, 12), so we tested
whether Wnt signaling is required for wound-
induced notum expression. b-catenin-1 inhibition
before amputation robustly reduced notum expres-
sion levels near wounds (Fig. 3B and fig. S7). Con-
versely, APC RNAi caused notum up-regulation
near wounds (Fig. 3B and fig. S7, A to C). There-
fore, Wnt signaling is necessary and can be suf-
ficient at wounds for notum expression. Whether
Smed-notum is a direct or indirect b-catenin tran-
scriptional target is unknown, but notum is a direct
target of Wnt signaling in cultured Drosophila and
mammalian cells (18, 19). Wnt signaling perturba-
tion affected notum expression regardless of wound
orientation (fig. S7, A and B), so we propose that
some other process ensures asymmetric notum
expression at wounds. Specifically, in APC(RNAi)
animals, notum was up-regulated at wounds, but
expression asymmetry remained. Because Smed-
notum inhibits b-catenin-1 activity and requires
b-catenin-1 for its effects, these results suggest

that regulation of feedback inhibition controls
the regeneration polarity decision (Fig. 3C).

Wnt signaling is used broadly in regeneration
(20–24), and our results suggest thatNotumproteins
can be an important determinant of the outcome
of Wnt expression in regeneration. Additionally,
primary body-axis development involves anterior
Wnt inhibition in many animals (25); notum is an
ancient gene present in many metazoans (fig.
S1), making it a candidate for controlling anterior
identity broadly. Feedback inhibitors operate in
many signaling pathways (26) and frequently
simply attenuate pathway output. Here, we present
evidence that a target and inhibitor of Wnt sig-
naling, the secreted hydrolase NOTUM, controls the
switchlike behavior of the head-versus-tail regen-
eration decision in planarians. These results raise
the possibility that control of whether feedback
inhibition occurs could, in general, be used to me-
diate binary developmental decisions.

In principle, decisions of which tissues to re-
generate could be accomplished only by sensing
the absence of particular structures. In contrast,
our results indicate that regeneration programs
elicited at wounds can involve local responses
to tissue orientation regardless of the identity
of missing tissue. We conclude that initiation of
correct regeneration programs involves responses
to wounding that depend on local tissue polar-
ization, such as along a body axis.
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Malaria parasite transmission depends on the successful transition of Plasmodium through discrete
developmental stages in the lumen of the mosquito midgut. Like the human intestinal tract, the mosquito
midgut contains a diverse microbial flora, which may compromise the ability of Plasmodium to establish
infection. We have identified an Enterobacter bacterium isolated from wild mosquito populations in
Zambia that renders the mosquito resistant to infection with the human malaria parasite Plasmodium
falciparum by interfering with parasite development before invasion of themidgut epithelium. Phenotypic
analyses showed that the anti-Plasmodium mechanism requires small populations of replicating bacteria
and is mediated through a mosquito-independent interaction with the malaria parasite. We show that this
anti-Plasmodium effect is largely caused by bacterial generation of reactive oxygen species.

Plasmodium parasites suffer considerable
losses during their development in the mos-
quito midgut (1, 2), where they encounter

a hostile environment of human blood–derived
factors, mosquito innate immune responses, and
resident microbiota. However, escape of only a few

parasites is sufficient to ensure onward transmis-
sion. Midgut bacteria play a key role in modulating
Plasmodium infection of the Anopheles mosquito
vector (3–7), but the mechanism(s) of bacterially
mediated parasite inhibition has not been described,
although the mosquito’s innate immune responses
to the microbiota and parasite challenge have been
implicated in this phenomenon (6–10).

In the present study, we isolated bacteria from
southern Zambian populations of A. arabiensis,
an important malaria vector, during two collect-
ing trips in two consecutive years (11). A major-
ity of the captured mosquito’s midguts contained
bacteria, with an average concentration of 104

bacteria per non–blood-fed gut, similar to that ob-
served for laboratory-reared Anopheles mosqui-
toes (6). Sixteen distinct bacterial strains were
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identified based on 16S ribosomal DNA (rDNA)
sequence, with similar genera isolated from both
collections (table S1). Of these, some Gram-
negative (G–) isolates reduced P. falciparum prev-
alence and intensity in the mosquito, whereas
a Gram-positive (G+) isolate had no detectable
effect on infection (Fig. 1A), in accordance with
previous reports involving other Plasmodium-
Anopheles models (3–5). The G– bacteria in-
hibited P. falciparum oocyst formation in the
main African and Asian malaria vectors, A. gam-
biae and A. stephensi, respectively (Fig. 1A and
fig. S1). To investigate the temporal specificity
of parasite inhibition by G– bacteria, we moni-
tored the development of the Plasmodium ooki-
netes in the presence of the field-isolated bacteria.
Significantly fewer ookinetes developed with
G– bacteria present, although the level of inhi-
bition was bacterial species–dependent (Fig. 1B).
TheEnterobacter sp. (Esp_Z) bacterium inhibited
ookinete, oocyst, and sporozoite development
of a highly virulent laboratory Plasmodium strain
by 98%, 99%, and 99%, respectively (Fig. 1, A
to C), which led us to further investigate the
mechanism of this inhibition.

The immune deficiency (IMD) innate immune
pathway defends mosquitoes against P. falciparum
in the gut tissue, and the microbiota has been
shown to activate this pathway through the re-

ceptor protein peptidoglycan recognition protein-
LC (PGRP-LC) (6–8); thus, we hypothesized that
the refractory phenotype could be caused byEsp_Z
activation of the IMD pathway. Two independent
approaches showed that the mechanism of re-
fractoriness is independent of the IMD pathway.
First, although a general antibacterial response is
mounted through the increased transcription of
the antimicrobial peptide cecropin1 (CEC1), reg-
ulation of IMD pathway–controlled genes, includ-
ing several potent anti-Plasmodium effector genes
[fibrinogen immunolectin 9 (FBN9), leucine-rich
repeat protein LRRD7, and thioester-containing
protein 1 (TEP1) (12)] were similar in the midguts
of mosquitoes challenged with Esp_Z or the non-
inhibitory Bacillus bacterium (Bpu) (Fig. 1D).
Second, RNA interference–mediated depletion
of the key pathway molecules, PGRP-LC, Imd,
and REL2, did not rescue P. falciparum oocyst
development in the presence of Esp_Z (Fig. 1E).

Hence, we investigated the potential for par-
asite inhibition outside the mosquito. Although
P. falciparum ookinete development was in-
efficient in vitro, coculture of Esp_Z with game-
tocytes inhibited ookinete formation by 89%
(Fig. 1F). We observed a similarly strong in vitro
inhibition of ookinete formation in the more-
robust rodent malaria parasite P. berghei experi-
mental model (Fig. 1G).

Inhibition of P. falciparum by Esp_Z in the
mosquito was dose-dependent, with a threshold
of 104 ingested bacteria providing near-complete
protection against parasite infection (Fig. 2A). A
remarkably low density of only 100 ingested bacte-
ria was still able to significantly decrease oocyst
intensity by 67% (Fig. 2A). In vitro ookinete de-
velopment of P. berghei was also inhibited in a
dose-dependent manner (Fig. 2B). Esp_Z popula-
tions in the midgut expanded by 100- to 1000-fold
(Fig. 2C), which is within the range of microbial
proliferation that normally occurs in the midgut
lumen after a blood meal (5, 6). The bacterial
growth during the 24-hour period immediately
after blood ingestion correlates with the time of
parasite inhibition before ookinete formation
(3 to 30 hours after ingestion) (13). Negative cor-
relations were also observed with the timing of
bacterial replication and inhibition of P. berghei
ookinete development in vitro (correlation co-
efficient = –0.95 for 106Esp_Z and –0.94 for 107

Esp_Z) (figs. S2 and S3), and taken together,
these results indicated that active replication of
the bacteria was required for parasite inhibition.
Mosquito exposure to heat-inactivated (HIA)
Esp_Z upon feeding on a P. falciparum gameto-
cyte culture did not result in the same level of
refractoriness that was observed with exposure to
live bacteria (Fig. 2D). Because of an overlap in

Fig. 1. Field bacteria–mediated inhibition of Plasmodium development.
P. falciparum oocyst (A) and ookinete (B) loads in midguts of A. gambiae
mosquitoes fed with both parasites and field-isolated bacteria. Bpu, Bacillus
pumilus; Asp, Acinetobacter sp.; Ppu, Pseudomonas putida; Esp_Z, Enterobacter
sp. (C) P. falciparum sporozoite loads in salivary glands of A. gambiae mos-
quitoes fed with both parasites and Esp_Z. For (A) to (C), circles represent the
number of parasites from an individual mosquito and horizontal lines indicate
the median number of parasites per tissue. (D) Midgut-specific transcript
abundance of select genes at 8 hours after blood feeding with equal quantities
of either the Bpu or Esp_Z isolate. Each column and error bar represent the
fold-change T standard deviation in transcript abundance when compared

with PBS-fed controls. LC, PGRP-LC; CEC1, cecropin1; FBN9, fibrinogen im-
munolection 9; TEP1, thioester-containing protein 1; LRRD7, leucine-rich repeat–
containing protein 7. (E) Oocyst loads in mosquitoes depleted of transcripts
for IMD pathway molecules and cochallenged with Esp_Z and P. falciparum.
The double-stranded RNA and absence (–) or presence (+) of Esp_Z are
indicated below each column. Circles represent the same as in (A). (F and G)
In vitro development of P. falciparum (E) and P. berghei (F) ookinetes co-
cultured with Esp_Z bacteria. Bars represent themean and standard deviation in
ookinetes. For all figures, statistical significance is represented by letters above
each column, with different letters signifying distinct statistical groups [P<0.05;
Mann-Whitney test for (A) to (C) and (E); P< 0.05; unpaired t test for (F) and (G)].
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antibacterial and anti-Plasmodium immune de-
fenses in mosquitoes (6, 7, 9, 14), the observed
decrease in oocyst numbers with high concen-
trations of HIA bacteria (Fig. 2D) could also be
interpreted as being caused by the induction of
an antibacterial response in the mosquito gut,
although physical inhibition of parasite infection
by the killed bacteria is also plausible.

These observations, along with microscopy
(Fig. 2E), indicated that Esp_Z inhibition of
Plasmodium did not involve direct association
between the bacteria and parasite and was medi-
ated by diffusible bacterial factors produced during
replication or by bacterial sequestration of mosqui-
to factors that are essential for Plasmodium devel-
opment. In subsequent assays, we observed that
Plasmodium inhibition was independent of bacte-
rial fatty acidmetabolism (fig. S4) (15), xanthurenic
acid (fig. S5), and iron (fig. S6) utilization by the
parasite.

As the inhibitory effect did not appear to be
dependent on the sequestration or acquisition
of a molecule necessary for the parasite, we hy-
pothesized that the bacteria were producing an
anti-Plasmodium molecule. We tested this pos-
sibility by examining the in vitro development of
P. berghei, first, in coculture with physically sep-
arated bacteria and, second, in filtered fresh super-
natant of a bacterial culture. Separation of bacteria
and parasites abolished bacteria-mediated inhibition
of ookinete formation, except at very high bacte-
rial concentrations (Fig. 3A).When parasites were
cultured in filtered fresh supernatant from anEsp_Z
culture, there was a 50% reduction in numbers of
ookinetes formed (Fig. 3B). Together, these data
indicated that the inhibitory activitywasmediated by
a short-livedmolecule in a concentration-dependent

manner. Reactive oxygen species (ROS) have a
short half-life, killPlasmodium (16–19), and can be
generated by bacteria (20), so we tested the hy-
pothesis that bacteria were inhibiting parasite de-
velopment by producing ROS.

Among the field mosquito–derived bacteria,
those lacking ookinete inhibitory activity (Fig.

1B) did not produce detectable levels of ROS,
whereas cultures of the inhibitory Esp_Z did
(table S2). To determine whether ROS was in-
volved in the parasite inhibition, we supple-
mented the P. berghei culture with an antioxidant
to neutralize free radicals formed. The addition of
vitamin C (vitC) to in vitro cultures of P. berghei

Fig. 2. Phenotypic analyses of Esp_Z modulation
of Plasmodium development. (A and B) Effect of
Esp_Z dosage on P. falciparum oocyst formation in
mosquitoes (A) and P. berghei ookinete formation
in vitro (B). Circles in (A) represent the number of
oocysts in an individual mosquito midgut, and the
horizontal lines indicate the median number of
parasites per midgut. Bars in (B) represent the
mean and the standard deviation in percentage of
the number of ookinetes formed in bacteria-treated
groups as compared with PBS-treated controls. (C)
Temporal replication of Esp_Z in mosquito midguts
after blood meal administration of different inoc-
ulating doses of bacteria. CFU, colony-forming unit.
Bars represent the mean T the standard deviation.
(D) Effect of heat-inactivated Esp_Z bacteria on
P. falciparum oocyst formation. Circles represent
the same as in (A). For (A), (B) and (D), statistical
significance is represented by letters above each
column, with different letters signifying distinct sta-
tistical groups [P < 0.05; Mann-Whitney test for (A)
and (D), unpaired t test for (B)]. (E) In vivo and
in vitro P. falciparum development in the presence
of Esp_Z. Scale bar, 10 mm.

Fig. 3. Involvement of ROS generation by Esp_Z in inhibition of
Plasmodium development. (A) Effect of physical separation of
Esp_Z and parasites on P. berghei ookinete formation. (B) Ef-
fect of filtered culture supernatant and addition of vitamin C on
P. berghei ookinete formation. Sup, supernatant; Neg, supernatant
from a bacteria-negative culture; VitC, vitamin C. For (A) and (B),
bars represent the mean and the standard deviation. (C and D)
Effect of vitamin C addition on P. berghei ookinete formation in
vitro (C) and P. falciparum ookinete formation in A. gambiae
midguts (D). For (C), bars represent the means and the standard
deviation in percentage of the number of ookinetes formed in
bacteria-treated groups as compared with PBS-treated controls.
For (D), circles represent the number of ookinetes from an individual mosquito, and horizontal lines
indicate the median number of parasites per midgut. For all figures, statistical significance is repre-
sented by letters above each column, with different letters signifying distinct statistical groups [P < 0.05;
unpaired t test for (A) to (C); Mann-Whitney test for (D)].
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gametocytes rescued development of ookinetes
to untreated control levels when grown in filtered
Esp_Z culture medium (Fig. 3B), and parasite
development in the presence of replicatingEsp_Z
was rescued by vitC in a dose-dependent fashion
(Fig. 3C). Furthermore, reduced glutathione, an-
other potent antioxidant, also rescued in vitro
ookinete formation in the presence of Esp_Z (fig.
S7). We showed that vertebrate leukocytes were
not responsible for the observed in vitro ookinete
inhibition (fig. S8). More important, supplement-
ing an infectious blood meal with vitC did not
affect parasite numbers in the absence of Esp_Z
but rescued P. falciparum ookinete development
twofold in the lumen of A. gambiae midguts
when they were cofed with Esp_Z (Fig. 3D). The
significant, yet incomplete, rescue of ookinete de-
velopment with higher bacterial concentrations
could be attributed to a variety of factors such as
insufficient concentrations of antioxidant to neu-
tralize the higher amount of bacterially produced
ROS, excretion of substantial amounts of antiox-
idant by mosquito diuresis, an intimate associa-
tion between bacteria and parasites that may not
enable detoxification of ROS before parasite in-
hibition, or the loss of antioxidant activity from
prolonged exposure in the digestive environment
of the midgut. Antioxidant concentrations higher
than 10 mM in the blood meal interfered with
mosquito feeding propensity.

Genotypic analyses of laboratory andwildmos-
quito populations have suggested that a dominant
refractory phenotype is associated with innate
immunity and thatPlasmodium infection is a result
of immune failure (21–23). Our studies show a
mechanism ofPlasmodium inhibition that does not
involve the mosquito-derived innate immune re-
sponse, and they support the idea that the native
microflora of Anopheles mosquitoes plays a cru-

cial role in refractoriness to Plasmodium infection
and will therefore influence transmission success
to humans.

Bacteria of the genus Enterobacter have been
isolated from many anopheline mosquito species
in diverse geographic regions (3, 5, 24).We show
that mosquitoes do not become infected with
Plasmodium parasites when exposed to an
Enterobacter bacterium isolated from wild mos-
quito populations in southern Zambia, and we
show that inhibition of parasite development can
be mediated by bacterial generation of ROS.
Although Esp_Z was isolated from a single col-
lection made during one rainy season, 25% of
mosquitoes collected harbored the strain. It may
be possible to manipulate the composition of the
midgut microbial flora in wild mosquitoes to in-
crease the prevalence of Esp_Z or other naturally
inhibitory bacteria as part of an integratedmalaria
control strategy.
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Frontoparietal cortex is involved in the explicit processing (awareness) of stimuli. Frontoparietal
activation has also been found in studies of subliminal stimulus processing. We hypothesized
that an impairment of top-down processes, involved in recurrent neuronal message-passing and the
generation of long-latency electrophysiological responses, might provide a more reliable correlate of
consciousness in severely brain-damaged patients, than frontoparietal responses. We measured
effective connectivity during a mismatch negativity paradigm and found that the only significant
difference between patients in a vegetative state and controls was an impairment of backward
connectivity from frontal to temporal cortices. This result emphasizes the importance of top-down
projections in recurrent processing that involve high-order associative cortices for conscious perception.

Thevegetative state (VS) is defined by pre-
served arousal, in the absence of any behav-
ioral signs of awareness (1). In contrast,

patients in a minimally conscious state (MCS)
show nonreflexive and purposeful behaviors but
are unable to communicate (2). Because the clin-

ical diagnosis of these patients is extremely dif-
ficult (3), neuroimaging experiments have tried
to establish accurate biomarkers of consciousness
level in VS and MCS. These patients also pro-
vide a lesion-deficit model in the quest for neural
correlates of consciousness in the human brain
(4). The conscious perception of external stimuli
requires activation of frontoparietal cortices, in
addition to activity in low-level specialized corti-
ces (5–7). However, frontoparietal activation can
also be found during subliminal stimulus process-
ing (8, 9). Current evidence points to long-latency
evoked event-related potential (ERP) components,
involving frontoparietal cortices, as a reliable neu-
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gametocytes rescued development of ookinetes
to untreated control levels when grown in filtered
Esp_Z culture medium (Fig. 3B), and parasite
development in the presence of replicatingEsp_Z
was rescued by vitC in a dose-dependent fashion
(Fig. 3C). Furthermore, reduced glutathione, an-
other potent antioxidant, also rescued in vitro
ookinete formation in the presence of Esp_Z (fig.
S7). We showed that vertebrate leukocytes were
not responsible for the observed in vitro ookinete
inhibition (fig. S8). More important, supplement-
ing an infectious blood meal with vitC did not
affect parasite numbers in the absence of Esp_Z
but rescued P. falciparum ookinete development
twofold in the lumen of A. gambiae midguts
when they were cofed with Esp_Z (Fig. 3D). The
significant, yet incomplete, rescue of ookinete de-
velopment with higher bacterial concentrations
could be attributed to a variety of factors such as
insufficient concentrations of antioxidant to neu-
tralize the higher amount of bacterially produced
ROS, excretion of substantial amounts of antiox-
idant by mosquito diuresis, an intimate associa-
tion between bacteria and parasites that may not
enable detoxification of ROS before parasite in-
hibition, or the loss of antioxidant activity from
prolonged exposure in the digestive environment
of the midgut. Antioxidant concentrations higher
than 10 mM in the blood meal interfered with
mosquito feeding propensity.

Genotypic analyses of laboratory andwildmos-
quito populations have suggested that a dominant
refractory phenotype is associated with innate
immunity and thatPlasmodium infection is a result
of immune failure (21–23). Our studies show a
mechanism ofPlasmodium inhibition that does not
involve the mosquito-derived innate immune re-
sponse, and they support the idea that the native
microflora of Anopheles mosquitoes plays a cru-

cial role in refractoriness to Plasmodium infection
and will therefore influence transmission success
to humans.

Bacteria of the genus Enterobacter have been
isolated from many anopheline mosquito species
in diverse geographic regions (3, 5, 24).We show
that mosquitoes do not become infected with
Plasmodium parasites when exposed to an
Enterobacter bacterium isolated from wild mos-
quito populations in southern Zambia, and we
show that inhibition of parasite development can
be mediated by bacterial generation of ROS.
Although Esp_Z was isolated from a single col-
lection made during one rainy season, 25% of
mosquitoes collected harbored the strain. It may
be possible to manipulate the composition of the
midgut microbial flora in wild mosquitoes to in-
crease the prevalence of Esp_Z or other naturally
inhibitory bacteria as part of an integratedmalaria
control strategy.
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Frontoparietal cortex is involved in the explicit processing (awareness) of stimuli. Frontoparietal
activation has also been found in studies of subliminal stimulus processing. We hypothesized
that an impairment of top-down processes, involved in recurrent neuronal message-passing and the
generation of long-latency electrophysiological responses, might provide a more reliable correlate of
consciousness in severely brain-damaged patients, than frontoparietal responses. We measured
effective connectivity during a mismatch negativity paradigm and found that the only significant
difference between patients in a vegetative state and controls was an impairment of backward
connectivity from frontal to temporal cortices. This result emphasizes the importance of top-down
projections in recurrent processing that involve high-order associative cortices for conscious perception.

Thevegetative state (VS) is defined by pre-
served arousal, in the absence of any behav-
ioral signs of awareness (1). In contrast,

patients in a minimally conscious state (MCS)
show nonreflexive and purposeful behaviors but
are unable to communicate (2). Because the clin-

ical diagnosis of these patients is extremely dif-
ficult (3), neuroimaging experiments have tried
to establish accurate biomarkers of consciousness
level in VS and MCS. These patients also pro-
vide a lesion-deficit model in the quest for neural
correlates of consciousness in the human brain
(4). The conscious perception of external stimuli
requires activation of frontoparietal cortices, in
addition to activity in low-level specialized corti-
ces (5–7). However, frontoparietal activation can
also be found during subliminal stimulus process-
ing (8, 9). Current evidence points to long-latency
evoked event-related potential (ERP) components,
involving frontoparietal cortices, as a reliable neu-
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ronal marker for conscious perception in healthy
controls (10). Although feed-forward connectiv-
ity is sufficient to generate short-latency ERP com-
ponents, long-latency components are mediated
by backward connections (11). This suggests that
the level of consciousness may rest on the integ-
rity of backward (top-down) connectivity.We used
a mismatch negativity (MMN) paradigm, which
elicits well-characterized (preattentive) responses
(12). The MMN correlates inversely with con-
sciousness level during anesthesia (13) and with
depth of sleep (14); although some studies report
negative findings (15), MMN deficits have also
been associated with the level of consciousness
in MCS and VS (16) [see supporting online ma-
terial (SOM) text]. We predicted that both long-
latency components and backward connectivity
would correlate with level of consciousness. We
tested this hypothesis quantitatively, using Dy-
namic Causal Modeling (DCM), which allows
for inferences about the neuronal architectures
that generate hemodynamic or electromagnetic
signals (17, 18). DCMuses a generativemodel of
how electrophysiological signals are produced at
the neuronal level; it employs neural mass mod-
els and Bayesian statistics to infer the neuronal
mechanisms (effective connectivity) underlying
observed evoked electrophysiological responses
(19, 20). This method has been validated in a

Fig. 1. Design and ERP responses elicited in a roving paradigm. (A) The experimental design used a
sporadically changing standard stimulus (auditory tone). The first presentation of a novel tone is a deviant
D = t1 that becomes a standard, through repetition; t2,…,tend. In this paradigm, deviants and standard
have exactly the same physical properties. (B) Grand-mean (averaged over control subjects) ERP responses
to the first and 11th tone presentations: the established “standard” (t11 in green) and deviant tone (t1 in
red) overlaid on a scalp map of 60 electroencephalogram electrodes. (C) ERP responses to standard and
deviant tones at channel Cz (central). Deviant corresponds to responses elicited by the first tone
presentation or to oddball events. Standard corresponds to the 11th repetition of the same tone. [Adapted
from a figure in M. I. Garrido et al. (22), with permission from Elsevier]

Fig. 2. Spatiotemporal
grand-mean difference be-
tween standard and devi-
ants correlates with the
level of consciousness. The
two-dimensional scalp to-
pographies are interpo-
lated from the60 channels.
(A) Statistical parametric
maps of differential group
responses in controls, MCS
patients, and VS patients.
For display purposes, in-
stantaneous T maps are
displayed without thres-
hold and with threshold
atP<0.001 (uncorrected)
in the three populations.
Color scales correspond re-
spectively to T values or
to significant (in black)
voxels. (B) Statistical para-
metricmaps showing scalp
regions where there is a
significant interaction be-
tween response amplitude
and consciousness level
(with the threshold at P<
0.05; family-wise error cor-
rected) over different time
windows. Significant effects
were found over temporal
and frontal sensors in the
range of 115 to 395 ms.
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number of electrophysiological studies (11, 21–23)
and provides an efficient way to map from ob-
served evoked potential patterns to causative neu-
ronal mechanisms (24).

The present study used DCM of event-related
potentials to quantify effective connectivity in
backward and forward connections at two hi-
erarchical cortical levels (i.e., in temporal and
frontal cortices), during auditory processing in

healthy subjects and MCS and VS patients. We
used a roving oddball paradigm (Fig. 1), as in
previous DCM studies (22, 23) (SOM text). The
functional anatomy engaged by this paradigm in-
volves both forward and backward connections
in a fronto-temporal cortical network (22). High-
density ERP recordingswere acquired in 21 brain-
damaged patients (8 VS and 13 MCS) and 22
healthy controls (25). ERP data analysis, performed

with statistical parametric mapping, tested the dif-
ferential processing of standard and deviant sounds
(25). Scalp-level group analyses detected long-
latency components with a central topography in
both controls and patients in a MCS (P < 0.05,
family-wise error corrected). Peak latencies for
the MMN were 170 ms in controls and 175 ms
in patients in a MCS. Although the MMN was
the most significant in MCS, the P3 component
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Fig. 3. Model specification. (A) The
11 DCMs used for Bayesian model com-
parison. Eachmodel receives (parameter-
ized) subcortical input at the A1 sources,
which elicit transient perturbations in
the remaining sources. (B to C) Family-
wise Bayesianmodel selection was used
to establish the neuronal network ar-
chitecture in each population. In the
three populations studied, the bestmod-
els included a frontal region (B) and the
presence of both backward and forward
connections (C). (D) Random effects
Bayesian model selection showed that
the fully connected model (model 11)
had the greatest evidence and was se-
lected for subsequent quantitative anal-
ysis of effective connectivity across the
three populations. (E) Source activity
estimates for standard (green) and de-
viant (red) tones according to model
11 in an exemplar control and MCS
and VS subjects.
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(peak latency at 250 ms) was the most significant
in controls. Only posterior early components (peak
at 55 ms) could be seen in VS (Fig. 2). An anal-
ysis of covariance (ANCOVA) confirmed a signif-
icant interaction between level of consciousness
and stimulus type on long-latency responses (peak
latencies at 115, 175, 265, and 395 ms, P < 0.05,
family-wise error corrected) across the three
groups (Fig. 2).

Although the architecture of the network
involved in the generation of MMN responses
has been studied extensively in healthy volun-
teers (26) (SOM text), the involvement of frontal
cortex, via its forward and backward connections,
has yet to be established in brain-damaged pa-
tients.We thus performed a group-level Bayesian
model comparison to identify the network archi-
tecture that best explained the responses of pa-
tients. Bayesian model selection (BMS) compared
11 models, which differed in the areas and con-
nections involved (Fig. 3). Random effects family-
level analysis showed that models including a
frontal source with both forward and backward
connections could best explain ERP responses in
MCS and VS. For quantitative connectivity anal-
ysis, a second (random-effects) BMS procedure
was applied to the 11 models, across all three
groups (25). The fully connected model (model
11) had again the greatest evidence (Fig. 3). The
corresponding source activity estimates in repre-
sentative controls and MCS and VS subjects are
also shown in Fig. 3. To assess differences be-
tween controls and patients, we compared the con-
nectivity estimates (from the best model) using
simple t tests (25). The only significant effect of
the level of consciousness (differences between
healthy volunteers, MCS subjects, and VS patient
populations) was on the backward connection
from frontal to superior temporal cortex (corrected
P = 0.012), with no detectible differences in for-
ward and backward processing in temporal cortex
(Fig. 4). This backward connection was signifi-
cantly impaired in VS patients as compared with
controls (P = 0.002). MCS patients showed pre-
served top-down connectivity as compared with
VS patients (P= 0.001) andwere not significantly
different from controls (P > 0.05) (Fig. 4).

Our main result is that, although the frontal
cortex is still involved in the generation of the

ERP in a VS, themain abnormality is in recurrent
processing between higher-order cortices, owing
to impaired backward connections from frontal to
temporal cortices. Our analyses suggest that the
(possibly diverse) pathophysiological causes of
VS find a common expression in reducing top-
down influences from frontal to temporal areas.
Further research is required to establish the pre-
cise molecular or physiological mechanisms un-
derlying these observations. In contrast to VS
patients, MCS patients exhibited long-latency
components in the scalp ERP and near-normal
recurrent effective connectivity with higher-order
cortices. This group difference cannot be attrib-
utable to differences in vigilance, as all patients
were maintained in the same state of wakefulness
throughout the experiment (25). Although for-
ward connections are certainly needed for normal
stimulus processing, these results suggest that the
integrity of backward connections, or top-down
processes, may be necessary for conscious per-
ception. These findings stress the importance of
recurrent processing in higher-order associative
areas in the generation of conscious perception
and do not support the view that recurrent pro-
cessing in sensory cortex can be equated with con-
sciousness (27). In contrast, our results suggest
that recursive processing in high-order cortical
areas is necessary for the generation of conscious
perception (5). This would be mandated by the
maintenance of high levels of integrated informa-
tion, thought to be important for consciousness
(28). A hierarchical recurrent cortical organization
is also required by predictive coding formulations
of the Bayesian brain hypothesis, which regards
perception as inference on the causes of external
stimuli (29). Under this perspective, VS patients
are unable to elaborate (top-down) predictions of
their sensorium, resulting (phenomenologically)
in an impoverished percept and (physiologically)
the absence of long-latency (endogenous) ERP
components. Finally, our biologically plausible
DCM shows that a selective impairment of a sin-
gle (backward) connection accounts for wide-
spread differences in the distributed responses we
found betweenVS patients and healthy volunteers.
This fits with the pervasive effects of recurrent
processing on ERP amplitudes observed in healthy
volunteers (a phenomenon referred to as “igni-

tion”) (10). Long-lasting slowERP responses, such
as K-complexes, can be observed during slow-
wave sleep (30). Cortical connectivity analysis
could be thus more specific than scalp-level anal-
yses in terms of detecting the architectural cor-
relates of conscious level. On the other hand, our
analyses cannot say whether a failure of back-
ward connectivity from the frontal region is a
cause or consequence of processing that under-
lies consciousness (SOM text). What we can say
is that a specific (top-down) failure of effective
connectivity is implicated in consciousness and
may play a necessary role.

In summary, our findings suggest that a selec-
tive disruption of top-down processes from high
levels of a cortical hierarchy can lead to loss of con-
sciousness in brain-damagedpatients, and can clear-
ly differentiate VS from MCS. In addition to its
neuroscientific relevance, the present approach could
constitute a newdiagnostic tool to quantify the level
of consciousness electrophysiologically at the pa-
tients’ bedside. Further studies should also comple-
ment these findings in conditions such as sleep,
epilepsy, or anesthesia-induced unconsciousness.
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Fig. 4. Quantitative ef-
fective connectivity anal-
ysis revealed that the only
significant difference be-
tween VS patients and
controls was an impair-
ment of backward con-
nectivity from frontal to
temporal cortex.MCS sub-
jects showed significant-
ly preserved connectivity
compared with VS subjects
and were not significantly
different from controls.

www.sciencemag.org SCIENCE VOL 332 13 MAY 2011 861

REPORTS

 o
n 

M
ay

 1
2,

 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/


Acknowledgments. This work was supported by the Belgian
Fonds National de la Recherche Scientifique (FNRS),
European Commission, Mind Science Foundation,
McDonnell Foundation, French-Speaking Community
Concerted Research Action (ARC 06/11-340), Fondation
Léon Frédéricq, and National Institutes of Health.
M.-A.B. and O.G. are Research Fellows, M.B. and C.S.

Postdoctoral Fellows, and S.L. Senior Research
Associate at the FNRS. M.I.G., V.L., and K.F. are
supported by the Wellcome Trust.

Supporting Online Material
www.sciencemag.org/cgi/content/full/332/6031/858/DC1
Materials and Methods

SOM Text
Fig. S1
Table S1
References

22 December 2010; accepted 6 April 2011
10.1126/science.1202043

Improved Learning in a Large-Enrollment
Physics Class
Louis Deslauriers,1,2 Ellen Schelew,2 Carl Wieman*†‡

We compared the amounts of learning achieved using two different instructional approaches
under controlled conditions. We measured the learning of a specific set of topics and
objectives when taught by 3 hours of traditional lecture given by an experienced highly rated
instructor and 3 hours of instruction given by a trained but inexperienced instructor using
instruction based on research in cognitive psychology and physics education. The comparison
was made between two large sections (N = 267 and N = 271) of an introductory undergraduate
physics course. We found increased student attendance, higher engagement, and more than
twice the learning in the section taught using research-based instruction.

Thetraditional lecture approach remains the
prevailing method for teaching science at
the postsecondary level, although there

are a growing number of studies indicating that
other instructional approaches are more effective
(1–8). A typical study in the domain of physics
demonstrates how student learning is improved
from one year to the next when an instructor
changes his or her approach, as measured by stan-
dard concept-based tests such as the Force Con-
cept Inventory (9) or the instructor’s own exams.
In our studies of two full sessions of an advanced
quantum mechanics class taught either by tra-
ditional or by interactive learning style, students
in the interactive section showed improved learn-
ing, but both sections, interactive and traditional,
showed similar retention of learning 6 to 18months
later (10). Here, we compare learning produced
by two contrasting instructional methods in a
large-enrollment science course. The control group
was lectured by amotivated faculty member with
high student evaluations andmany years of experi-
ence teaching this course. The experimental group
was taught by a postdoctoral fellow using instruc-
tion based on research on learning. The same
selected learning objectives were covered by both
instructors in a 1-week period.

The instructional design for the experimental
section was based on the concept of “deliberate
practice” (11) for the development of expertise.

The deliberate practice concept encompasses the
educational ideas of constructivism and formative
assessment. In our case, the deliberate practice takes
the form of a series of challenging questions and
tasks that require the students to practice physicist-
like reasoning and problem solving during class
time while provided with frequent feedback.

The design goal was to have the students
spend all their time in class engaged in deliberate
practice at “thinking scientifically” in the form of
making and testing predictions and arguments
about the relevant topics, solving problems, and
critiquing their own reasoning and that of others.
All of the activities are designed to fit together
to support this goal, including moving the sim-
ple transfer of factual knowledge outside of class
as much as possible and creating tasks and feed-
back that motivate students to become fully en-
gaged. As the students work through these tasks,
they receive feedback from fellow students (12)
and from the instructor. We incorporate multi-
ple “best instructional practices,” but we believe
the educational benefit does not come primarily

from any particular practice but rather from the
integration into the overall deliberate practice
framework.

This study was carried out in the second term
of the first-year physics sequence taken by all
undergraduate engineering students at the Uni-
versity of British Columbia. This calculus-based
course covers various standard topics in electric-
ity and magnetism. The course enrollment was
850 students, who were divided among three
sections. Each section had 3 hours of lecture per
week. The lectures were held in a large theater-
style lecture hall with fixed chairs behind benches
grouping up to five students. The students also had
weekly homework assignments, instructional labo-
ratories, and tutorials and recitations where they
solved problems; this workwas graded. Therewere
two midterm exams and a final exam. All course
componentswere common across all three sections,
except for the lectures, which were prepared and
given independently by three different instructors.

During week 12, we studied two sections
whose instructors agreed to participate. For the
11 weeks preceding the study, both sections were
taught in a similar manner by two instructors (A
and B), both with above average student teaching
evaluations and many years experience teaching
this course and many others. Both instructors lec-
tured using PowerPoint slides to present con-
tent and example problems and also showed
demonstrations. Meanwhile, the students took
notes. “Clicker” (or “personal response system”)
questions (average 1.5 per class, range 0 to 5)
were used for summative evaluation (which was
characterized by individual testing without dis-
cussion or follow-up other than a summary of the
correct answers). Students were given participa-
tion credit for submitting answers.

Before the experiment, a variety of data were
collected on the students in the two sections

1Carl Wieman Science Education Initiative, University of British
Columbia, Vancouver, BC, Canada. 2Department of Physics and
Astronomy, University of British Columbia, Vancouver, BC, Canada.

*On leave from the University of British Columbia and the
University of Colorado.
†To whom correspondence should be addressed. E-mail:
gilbertwieman@gmail.com
‡This work does not necessarily represent the views of the
Office of Science and Technology Policy or the United States
government.

Table 1. Measures of student perceptions, behaviors, and knowledge.

Control section Experimental section

Number of students enrolled 267 271
Mean BEMA score (13) (week 11) 47 T 1% 47 T 1%
Mean CLASS score (14) (start of term)
(agreement with physicist)

63 T 1% 65 T 1%

Mean midterm 1 score 59 T 1% 59 T 1%
Mean midterm 2 score 51 T 1% 53 T 1%
Attendance before experiment* 55 T 3% 57 T 2%
Attendance during experiment 53 T 3% 75 T 5%
Engagement before experiment* 45 T 5% 45 T 5%
Engagement during experiment 45 T 5% 85 T 5%

*Average value of multiple measurements carried out in a 2-week interval before the experiment. Engagement also varies over
location in the classroom; numbers given are spatial and temporal averages.
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Physics Class
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We compared the amounts of learning achieved using two different instructional approaches
under controlled conditions. We measured the learning of a specific set of topics and
objectives when taught by 3 hours of traditional lecture given by an experienced highly rated
instructor and 3 hours of instruction given by a trained but inexperienced instructor using
instruction based on research in cognitive psychology and physics education. The comparison
was made between two large sections (N = 267 and N = 271) of an introductory undergraduate
physics course. We found increased student attendance, higher engagement, and more than
twice the learning in the section taught using research-based instruction.

Thetraditional lecture approach remains the
prevailing method for teaching science at
the postsecondary level, although there

are a growing number of studies indicating that
other instructional approaches are more effective
(1–8). A typical study in the domain of physics
demonstrates how student learning is improved
from one year to the next when an instructor
changes his or her approach, as measured by stan-
dard concept-based tests such as the Force Con-
cept Inventory (9) or the instructor’s own exams.
In our studies of two full sessions of an advanced
quantum mechanics class taught either by tra-
ditional or by interactive learning style, students
in the interactive section showed improved learn-
ing, but both sections, interactive and traditional,
showed similar retention of learning 6 to 18months
later (10). Here, we compare learning produced
by two contrasting instructional methods in a
large-enrollment science course. The control group
was lectured by amotivated faculty member with
high student evaluations andmany years of experi-
ence teaching this course. The experimental group
was taught by a postdoctoral fellow using instruc-
tion based on research on learning. The same
selected learning objectives were covered by both
instructors in a 1-week period.

The instructional design for the experimental
section was based on the concept of “deliberate
practice” (11) for the development of expertise.

The deliberate practice concept encompasses the
educational ideas of constructivism and formative
assessment. In our case, the deliberate practice takes
the form of a series of challenging questions and
tasks that require the students to practice physicist-
like reasoning and problem solving during class
time while provided with frequent feedback.

The design goal was to have the students
spend all their time in class engaged in deliberate
practice at “thinking scientifically” in the form of
making and testing predictions and arguments
about the relevant topics, solving problems, and
critiquing their own reasoning and that of others.
All of the activities are designed to fit together
to support this goal, including moving the sim-
ple transfer of factual knowledge outside of class
as much as possible and creating tasks and feed-
back that motivate students to become fully en-
gaged. As the students work through these tasks,
they receive feedback from fellow students (12)
and from the instructor. We incorporate multi-
ple “best instructional practices,” but we believe
the educational benefit does not come primarily

from any particular practice but rather from the
integration into the overall deliberate practice
framework.

This study was carried out in the second term
of the first-year physics sequence taken by all
undergraduate engineering students at the Uni-
versity of British Columbia. This calculus-based
course covers various standard topics in electric-
ity and magnetism. The course enrollment was
850 students, who were divided among three
sections. Each section had 3 hours of lecture per
week. The lectures were held in a large theater-
style lecture hall with fixed chairs behind benches
grouping up to five students. The students also had
weekly homework assignments, instructional labo-
ratories, and tutorials and recitations where they
solved problems; this workwas graded. Therewere
two midterm exams and a final exam. All course
componentswere common across all three sections,
except for the lectures, which were prepared and
given independently by three different instructors.

During week 12, we studied two sections
whose instructors agreed to participate. For the
11 weeks preceding the study, both sections were
taught in a similar manner by two instructors (A
and B), both with above average student teaching
evaluations and many years experience teaching
this course and many others. Both instructors lec-
tured using PowerPoint slides to present con-
tent and example problems and also showed
demonstrations. Meanwhile, the students took
notes. “Clicker” (or “personal response system”)
questions (average 1.5 per class, range 0 to 5)
were used for summative evaluation (which was
characterized by individual testing without dis-
cussion or follow-up other than a summary of the
correct answers). Students were given participa-
tion credit for submitting answers.

Before the experiment, a variety of data were
collected on the students in the two sections
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Table 1. Measures of student perceptions, behaviors, and knowledge.

Control section Experimental section

Number of students enrolled 267 271
Mean BEMA score (13) (week 11) 47 T 1% 47 T 1%
Mean CLASS score (14) (start of term)
(agreement with physicist)

63 T 1% 65 T 1%

Mean midterm 1 score 59 T 1% 59 T 1%
Mean midterm 2 score 51 T 1% 53 T 1%
Attendance before experiment* 55 T 3% 57 T 2%
Attendance during experiment 53 T 3% 75 T 5%
Engagement before experiment* 45 T 5% 45 T 5%
Engagement during experiment 45 T 5% 85 T 5%

*Average value of multiple measurements carried out in a 2-week interval before the experiment. Engagement also varies over
location in the classroom; numbers given are spatial and temporal averages.
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(Table 1). Students took twomidterm exams (iden-
tical across all sections). In week 11, students took
the Brief Electricity and Magnetism Assessment
(BEMA), which measures conceptual knowledge
(13). At the start of the term, students took the
Colorado LearningAttitudes about Science Survey
(CLASS) (14), which measures a student’s per-
ceptions of physics. During weeks 10 and 11, we
measured student attendance and engagement in
both sections. Attendancewasmeasured by count-
ing the number of students present, and engage-
ment was measured by four trained observers in
each class using the protocol discussed in the
supporting onlinematerial (SOM) (15). The results
show that the two sections were indistinguishable
(Table 1). This in itself is interesting, because the
personalities of the two instructors are rather dif-
ferent, with instructor A (control section) being
more animated and intense.

The experimental intervention took place dur-
ing the 3 hours of lecture in the 12th week. Those
classes covered the unit on electromagneticwaves.
This unit included standard topics such as plane
waves and energy of electromagnetic waves and
photons. The control section was taught by in-
structor A using the same instructional approach
as in the previous weeks, except they added in-
structions to read the relevant chapter in the text-
book before class. The experimental section was
taught by two instructors who had not previously
taught these students. The instructors were the
first author of this paper, L.D., assisted by the
second author, E.S. Instructor A and L.D. had
agreed tomake this a learning competition. L.D. and
instructor A agreed beforehand what topics and
learning objectives would be covered. Amultiple-
choice test (see SOM) was developed by L.D.
and instructor A that they and instructor B agreed
was a good measure of the learning objectives
and physics content. The test was prepared at the
end of week 12. Most of the test questions were
clicker questions previously used at another
university, often slightly modified. Both sections
were told that they would receive a bonus of 3%
of the course grade for the combination of par-
ticipating in clicker questions, taking the test, and
(only in the experimental section) turning in group
task solutions, with the apportionment of credit
across these tasks left unspecified.

In contrast to instructor A, the teaching experi-
ence of L.D. and E.S. had been limited to serving
as teaching assistants. L.D. was a postdoctoral re-
searcher working in the CarlWieman (third author
of this paper) ScienceEducation Initiative (CWSEI)
and had received training in physics education
and learning research and methods of effective
pedagogy while assisting with the teaching of six
courses. E.S. had a typical physics graduate student
background except for having taken a seminar
course in physics education.

The instructional approach used in the experi-
mental section included elements promoted by
CWSEI and its partner initiative at the University
of Colorado: preclass reading assignments, pre-
class reading quizzes, in-class clicker questions

with student-student discussion (CQ), small-group
active learning tasks (GT), and targeted in-class
instructor feedback (IF). Before each of the three
50-min classes, students were assigned a three- or
four-page reading, and they completed a short true-
false online quiz on the reading. To avoid student
resistance, at the beginning of the first class, several
minutes were used to explain to students why the
material was being taught this way and how
research showed that this approachwould increase
their learning.

A typical schedule for a classwas the following:
CQ1, 2min; IF, 4min; CQ2, 2min; IF, 4min; CQ2
(continued), 3 min; IF, 5 min; Revote CQ2, 1 min;
CQ3, 3 min; IF, 6 min; GT1, 6 min; IF with a
demonstration, 6 min; GT1 (continued), 4 min;
and IF, 3 min. The time duration for a question or
activity includes the amount of time the students
spent discussing the problem and asking numer-
ous questions. There was no formal lecturing;
however, guidance and explanations were provided
by the instructor throughout the class. The instructor
responded to student-generated questions, to results
from the clicker responses, and to what the in-
structor heard by listening in on the student-
student discussions. Students’ questions commonly
expanded upon and extended the material covered
by the clicker questions or small-group tasks. The
material shown on the slides used in class is given
in the SOM, along with some commentary about
the design elements and preparation time required.

At the beginning of each class, the students
were asked to form groups of two. After a clicker
question was shown to the class, the students
discussed the question within their groups (which
often expanded to three or more students) and
submitted their answer using clickers. When the
voting was complete, the instructor showed the
results and gave feedback. The small-group tasks
were questions that required a written response.
Students worked in the same groups but submitted
individual answers at the end of each class for
participation credit. Instructor A observed each of
these classes before teaching his own class and
chose to use most of the clicker questions devel-
oped for the experimental class. However, Instruc-
tor A used these only for summative evaluation,
as described above.

L.D. and E.S. together designed the clicker
questions and small-group tasks. L.D. and E.S.

had not taught this class before and were not
familiar with the students. Before the first class,
they solicited two volunteers enrolled in the course
to pilot-test the materials. The volunteers were
asked to think aloud as they reasoned through the
planned questions and tasks. Results from this
testing were used to modify the clicker questions
and tasks to reduce misinterpretations and adjust
the level of difficulty. This process was repeated
before the second class with one volunteer.

During the week of the experiment, engage-
ment and attendance remained unchanged in the
control section. In the experimental section, student
engagement nearly doubled and attendance in-
creased by 20% (Table 1). The reason for the
attendance increase is not known. We hypothe-
size that of the many students who attended only
part of a normal class, more of themwere captured
by the happenings in the experimental section and
decided to stay and to return for the subsequent
classes.

The test was administered in both sections in
the first class after the completion of the 3-hour
unit. The control section had covered the material
related to all 12 of the questions on the test. The
experimental section covered only 11 of the 12
questions in the allotted time. Two days before
the test was given, the students in both sections
were reminded of the test and given links to the
postings of all the material used in the experi-
mental section: the preclass reading assignments
and quizzes; the clicker questions; and the group
tasks, along with answers to all of these. The
students were encouraged by e-mail and in class
to try their best on the test and were told that it
would be good practice for the final exam, but their
performance on the test did not affect their course
grade. Few students in either section finished in less
than 15min, with the average being about 20min.

The test results are shown in Fig. 1. For the
experimental section, 211 students attended class
to take the test, whereas 171 did so in the control
section. The average scores were 41 T 1% in the
control section and 74 T 1% in the experimental
section. Random guessingwould produce a score
of 23%, so the students in the experimental sec-
tion did more than twice as well on this test as
those in the control section.

The test score distributions are not normal
(Fig. 1). A ceiling effect is apparent in the experi-

Fig. 1. Histogram of student
scores for the two sections.
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mental section. The two distributions have little
overlap, demonstrating that the differences in
learning between the two sections exist for es-
sentially the entire student population. The stan-
dard deviation calculated for both sections was
about 13%, giving an effect size for the difference
between the two sections of 2.5 standard de-
viations. As reviewed in (4), other science and
engineering classroom studies report effect sizes
less than 1.0. An effect size of 2, obtained with
trained personal tutors, is claimed to be the largest
observed for any educational intervention (16).

This work may obtain larger effect sizes than
in this previous work because of the design and
implementation that maximized productive en-
gagement. The clicker questions and group tasks
were designed not only to require explicit expert
reasoning but also to be sufficiently interesting
and personally relevant to motivate students to
fully engage. Another factor could be that pre-
vious work primarily used end-of-term tests, and
the results on those tests reflect all the learning
that students do inside and outside of class, for
example, the learning that takes place while doing
homework and studying for exams. In our inter-
vention, the immediate low-stakes test more direct-
ly measured the learning achieved from preclass
reading and class itself, in the absence of sub-
sequent study.

We are often asked about the possible con-
tributions of the Hawthorne effect, where any
change in conditions is said to result in improved
performance. As discussed in citations in the SOM,
the original Hawthorne plant data actually show
no such effect, nor do experiments in educational
settings (17).

A concern frequently voiced by faculty as they
consider adopting active learning approaches is
that students might oppose the change (18). A
week after the completion of the experiment and
exam, we gave students in the experimental sec-
tion an online survey (see SOM); 150 students
completed the survey.

For the survey statement “I really enjoyed the
interactive teaching technique during the three
lectures on E&M waves,” 90% of the respon-
dents agreed (47% strongly agreed, 43% agreed)
and only 1% disagreed. For the statement “I feel I
would have learned more if the whole physics
153 course would have been taught in this high-
ly interactive style.” 77% agreed and only 7%
disagreed. Thus, this form of instruction was
well received by students.

In conclusion, we show that use of deliberate
practice teaching strategies can improve both
learning and engagement in a large introductory
physics course as compared with what was ob-
tained with the lecture method. Our study com-
pares similar students, and teachers with the same
learning objectives and the same instructional
time and tests. This result is likely to generalize to
a variety of postsecondary courses.
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     Production-ScalE cEll culturE accESSoriES
new accessories for the thermo Scientific nunc EasyFill cell Factory 
include a filling tubing set that connects a nunc EasyFill cell Factory 
directly to a media bag or other tube set; a universal adapter cap 
that can be used with one-half inch id tubing or as a traditional cell 
Factory port; quarter-inch and three-eighths inch barbed caps for the 
development of custom tubing sets; and filter assembly caps that ex-
pand the air-vent capability during fluid transfer(s). Each ready-to-use 
accessory is gamma radiated and individually packaged to save us-
ers time and money by eliminating cleaning and sterility validations. 
these accessories promote enhanced aseptic handling, improved air 
venting, and customizable tubing set solutions. the versatile nunc 
EasyFill cell Factories feature both a traditional and a large port, en-
abling users to fill via pouring, gravity, or peristaltic pumping. 
thermo Fisher Scientific
For info: 800-625-4327      www.thermoscientific.com

nuclEic acid/ProtEin ElEctroElution
G-caPSulE is a simple electroelution device which excises dna 
or protein bands from agarose and polyacrylamide gels and elutes 
the sample to a final volume of ~30 µl.  Electroelution through G-
caPSulE is a gentle method that eliminates the risk of damage to 
dna or protein samples commonly encountered in use of glass milk, 
spin columns, binding columns, and other popular techniques. the G-
caPSulE method is simple to perform; eliminating additional steps 
involving washing, spinning, heating, or precipitation. G-caPSulE 
has a simple two-part protocol: Simply pick up the protein or nucleic 
acid band with the G-Pick and assemble it with the G-trap. the as-
sembled G-caPSulE is submerged in electrophoresis buffer on a 
horizontal electrophoresis system and the protein or nucleic acid is 
rapidly eluted into the G-trap. the recovered dna is high quality for 
use in molecular manipulations such as ligation, restriction enzyme 
digestion, sequencing, amplification, random priming, and other en-
zymatic reactions. 
G-Biosciences
For info: 314-991-6034      www.gbiosciences.com

microrna ProFilinG
the MiraMas Kit uses a novel approach for SYBr Green real-time 
polymerase chain reaction-based profiling of micrornas and other 
small rnas. this kit incorporates a convenient one-tube protocol 
to convert all of the micrornas in a sample into cdna, while of-
fering researchers flexibility in terms of sample size and number of 
reactions performed. using a highly efficient, proprietary 3’ ligation  

cHn/o/S analYzEr
the Model 440 Elemental analyzer offers a wide linear range and 
is capable of routinely analyzing almost any sample type including 
organic compounds, pharmaceuticals, petrochemicals, polymers, 
refractory, environmental, or natural materials. its unique horizon-
tal furnace design, allowing for removal of residues between runs, 
prevents cross contamination, and allows for a greater number 
of samples between combustion column changes. Employing a 
unique combined static/dynamic combustion technology enables 
the Model 440 to precisely analyze the widest range of sample types from volatile to difficult to combust materials including nitrides, 
graphite fibers, ceramics, and even carbides with melting points of over 2,000°c. offering unmatched operating accuracy and preci-
sion, the analyzer delivers simultaneous cHn analysis in less than five minutes, and oxygen and sulfur in only six minutes. low gas 
and reagent consumption combined with high reduction tube life allows this model to deliver some of the lowest operating costs. 

Exeter analytical
For info: 800-440-7875      www.exeteranalytical.co.uk

strategy, the MiraMas Kit allows researchers to produce cdna  
libraries from up to 150 total or small rna-enriched samples per 
kit. using higher input amounts of rna, hundreds of microrna 
targets can be screened in up to 30 samples per kit. using lower 
input amounts of rnas allows more samples to be processed and 
screened for a smaller number of microrna targets per sample.  
the microrna targets are amplified using microrna-specific For-
ward primers and the universal reverse primer included in the kit. 
the microrna-specific Forward primers are designed using a simple 
algorithm that does not require modified nucleotides. 
Bioo Scientific
For info: 888-208-2246      www.biooscientific.com

rEaGEnt trouGH
a new 25 ml trough is designed to reduce waste of valuable reagents 
in automated liquid handling applications. these troughs have a coni-
cal base design to minimize the liquid volume inaccessible to the 
liquid handling (liHa) arm, reducing dead volume for conductive liq-
uid level detection (clld) by a minimum of a third in comparison to 
tecan’s standard shaped troughs, and down to at least 500 µl for 
manual adjustment of tip positioning. Made of grey polypropylene, 
the new troughs are suitable for light-sensitive reagents, and can 
easily be sealed for convenient reagent transport. they are available 
in tecan Pure standard—certified to be free from contamination 
by human dna, rnase, dnase, and Pcr inhibitors—making them 
ideal for molecular diagnostics, forensics, and genomics research  
applications. 
tecan
For info: +41-44-922-81-81      www.tecan.com

HuMan Mtor ProtEin
the oriGene Mtor protein is the first commercially available full-
length human Mtor protein with superior biological activity. Mtor 
is a serine/threonine protein kinase that regulates cell growth, cell 
proliferation, cell motility, cell survival, protein synthesis, and tran-
scription. Purified, functional Mtor is highly desirable in high 
throughput functional screening assays and drug target discovery. 
Produced in mammalian cells, oriGene Mtor protein maintains the 
most authentic protein structure compared to truncated forms of the 
protein produced in bacterial or insect cells. When tested in a homo-
geneous time-resolved fluorescent (HtrF) assay, oriGene full-length 
Mtor demonstrated a high level of serine/threonine kinase activity.
oriGene technologies
For info: 888-267-4436      www.origene.com
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Congratulations to Dr. Christopher Gregg on winning the 2010 Eppendorf

& Science Prize for his studies on genes that alter their expression in the

brains of offspring according to whether they were inherited from the

father versus the mother. His findings suggest new pathways that may

help to understand brain diseases such as autism, schizophrenia and

eating disorders.

The annual international US$ 25,000 Eppendorf & Science Prize for

Neurobiology honors young scientists for their outstanding contributions

to neurobiological research based on methods of molecular and cell bio-

logy. The winner and finalists are selected by a committee of independent

scientists, chaired by Science’s Senior Editor, Dr. Peter Stern.

To be eligible, you must be 35 years of age or younger. If you’re selected

as this year’s winner, you will receive US$ 25,000, have your work

published in Science and be invited to visit Eppendorf in Hamburg,

Germany. Past winners and finalists have come from as far a field as

China, Chile, India and New Zealand. Yes, it can happen to you!

Deadline for entries

June 15, 2011

2010 Winner
Christopher Gregg, Ph.D.
Postdoctoral Fellow
Harvard University

It´s easy to apply! Learn more at

www.eppendorf.com/prize
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Get recognized!

US$ 25,000 Prize



Visualization in all its

forms has the power to

illuminate and educate. It

explains and makes clear

all aspects of the world

around us. It feeds insight

and provokes curiosity.

The National Science

Foundation (NSF) and the

journal Science, published by the

American Association for the

Advancement of Science, invite

you to participate in this year’s

Challenge. The competition

recognizes scientists, engineers,

visualization specialists, and

artists who produce innovative

work in visual communication.

Winning entries will be

published in Science and Science

Online, and will be displayed on

the NSF web site.

Award Categories

• Photography

• I l lustrat ions

• Informational Posters

and Graphics

• V ideos

• Interac tive Video Games

I N T E R N A T I O N A L S C I E N C E & E N G I N E E R I N G

V I S U A L I Z A T I O N C H A L L E N G E

CALL FOR ENTRIES

science and engineering’s most powerful statements

are not made from words alone

ENTRY DEADLINE: SEPTEMBER 30, 2011

NEWS of exciting changes to this year’s Challenge, coming soon!

Complete Entry Information:

www.nsf.gov/news/scivis



Dr. Carl Alving

on his inspiration

for inventing

the vaccine patch.

“A dreamtoldme to
do it.”

MemberCentral is the new website that looks at science through the eyes of AAAS members. It

celebrates their achievements—like Dr. Alving’s vaccine patch—and their shared belief in the

transformative power of science. Use MemberCentral to connect with other members, learn

about work being done in other fields, and get fresh perspectives on issues ranging from

speciation to STEM education.

VisitMemberCentral today and get to know the

AAAS member community in a whole new way.

Blogs I Videos I Webinars I Discounts I Downloads | Community

MemberCentral.aaas.org

Dr. Carl Alving

on his inspiration

for inventing

the vaccine patch.

“A dreamtoldme to
do it.”

Carl R. Alving, M.D.

Chief of the Department of Adjuvant & Antigen Research,

Division of Retrovirology

at the Walter Reed Army Institute of Research

AAASmember
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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

     PRODUCTION-SCALE CELL CULTURE ACCESSORIES
New accessories for the Thermo Scientifi c Nunc EasyFill Cell Factory 

include a fi lling tubing set that connects a Nunc EasyFill Cell Factory 

directly to a media bag or other tube set; a universal adapter cap 

that can be used with one-half inch ID tubing or as a traditional Cell 

Factory port; quarter-inch and three-eighths inch barbed caps for the 

development of custom tubing sets; and fi lter assembly caps that ex-

pand the air-vent capability during fl uid transfer(s). Each ready-to-use 

accessory is gamma radiated and individually packaged to save us-

ers time and money by eliminating cleaning and sterility validations. 

These accessories promote enhanced aseptic handling, improved air 

venting, and customizable tubing set solutions. The versatile Nunc 

EasyFill Cell Factories feature both a traditional and a large port, en-

abling users to fi ll via pouring, gravity, or peristaltic pumping. 

Thermo Fisher Scientifi c

For info: 800-625-4327      www.thermoscientifi c.com

NUCLEIC ACID/PROTEIN ELECTROELUTION
G-CAPSULE is a simple electroelution device which excises DNA 

or protein bands from agarose and polyacrylamide gels and elutes 

the sample to a fi nal volume of ~30 µl.  Electroelution through G-

CAPSULE is a gentle method that eliminates the risk of damage to 

DNA or protein samples commonly encountered in use of glass milk, 

spin columns, binding columns, and other popular techniques. The G-

CAPSULE method is simple to perform; eliminating additional steps 

involving washing, spinning, heating, or precipitation. G-CAPSULE 

has a simple two-part protocol: Simply pick up the protein or nucleic 

acid band with the G-Pick and assemble it with the G-Trap. The as-

sembled G-CAPSULE is submerged in electrophoresis buffer on a 

horizontal electrophoresis system and the protein or nucleic acid is 

rapidly eluted into the G-Trap. The recovered DNA is high quality for 

use in molecular manipulations such as ligation, restriction enzyme 

digestion, sequencing, amplifi cation, random priming, and other en-

zymatic reactions. 

G-Biosciences

For info: 314-991-6034      www.gbiosciences.com

microRNA PROFILING
The MiraMas Kit uses a novel approach for SYBR Green real-time 

polymerase chain reaction-based profi ling of microRNAs and other 

small RNAs. This kit incorporates a convenient one-tube protocol 

to convert all of the microRNAs in a sample into cDNA, while of-

fering researchers fl exibility in terms of sample size and number of 

reactions performed. Using a highly effi cient, proprietary 3’ ligation 

CHN/O/S ANALYZER
The Model 440 Elemental Analyzer offers a wide linear range and 

is capable of routinely analyzing almost any sample type including 

organic compounds, pharmaceuticals, petrochemicals, polymers, 

refractory, environmental, or natural materials. Its unique horizon-

tal furnace design, allowing for removal of residues between runs, 

prevents cross contamination, and allows for a greater number 

of samples between combustion column changes. Employing a 

unique combined static/dynamic combustion technology enables 

the Model 440 to precisely analyze the widest range of sample types from volatile to diffi cult to combust materials including nitrides, 

graphite fi bers, ceramics, and even carbides with melting points of over 2,000°C. Offering unmatched operating accuracy and preci-

sion, the analyzer delivers simultaneous CHN analysis in less than fi ve minutes, and oxygen and sulfur in only six minutes. Low gas 

and reagent consumption combined with high reduction tube life allows this model to deliver some of the lowest operating costs. 

Exeter Analytical

For info: 800-440-7875      www.exeteranalytical.co.uk

strategy, the MiraMas Kit allows researchers to produce cDNA 

libraries from up to 150 total or small RNA-enriched samples per 

kit. Using higher input amounts of RNA, hundreds of microRNA 

targets can be screened in up to 30 samples per kit. Using lower 

input amounts of RNAs allows more samples to be processed and 

screened for a smaller number of microRNA targets per sample. 

The microRNA targets are amplifi ed using microRNA-specifi c For-

ward primers and the Universal Reverse primer included in the kit. 

The microRNA-specifi c Forward primers are designed using a simple 

algorithm that does not require modifi ed nucleotides. 

Bioo Scientifi c

For info: 888-208-2246      www.biooscientifi c.com

REAGENT TROUGH
A new 25 ml trough is designed to reduce waste of valuable reagents 

in automated liquid handling applications. These troughs have a coni-

cal base design to minimize the liquid volume inaccessible to the 

liquid handling (LiHa) arm, reducing dead volume for conductive liq-

uid level detection (cLLD) by a minimum of a third in comparison to 

Tecan’s standard shaped troughs, and down to at least 500 µl for 

manual adjustment of tip positioning. Made of grey polypropylene, 

the new troughs are suitable for light-sensitive reagents, and can 

easily be sealed for convenient reagent transport. They are available 

in Tecan Pure standard—certifi ed to be free from contamination 

by human DNA, RNase, DNase, and PCR inhibitors—making them 

ideal for molecular diagnostics, forensics, and genomics research 

applications. 

Tecan

For info: +41-44-922-81-81      www.tecan.com

HUMAN MTOR PROTEIN
The OriGene MTOR protein is the fi rst commercially available full-

length human MTOR protein with superior biological activity. MTOR 

is a serine/threonine protein kinase that regulates cell growth, cell 

proliferation, cell motility, cell survival, protein synthesis, and tran-

scription. Purifi ed, functional MTOR is highly desirable in high 

throughput functional screening assays and drug target discovery. 

Produced in mammalian cells, OriGene MTOR protein maintains the 

most authentic protein structure compared to truncated forms of the 

protein produced in bacterial or insect cells. When tested in a homo-

geneous time-resolved fl uorescent (HTRF) assay, OriGene full-length 

MTOR demonstrated a high level of serine/threonine kinase activity.

OriGene Technologies

For info: 888-267-4436      www.origene.com



Personalized medicine is pairing state-of-the-

art diagnostics with drug development. This new

publication raises issues related to bioethics,

reimbursement, professional and patient education,

regulation, and public policy.

This comprehensive portrait of personalized

medicine is designed for professionals in all areas

of the healthcare industry, it gives a broad-based

understanding of the scope, impact and reach of

personalized medicine as well as of the challenges

that lie ahead.

Personalized Medicine:
Prescriptions and Prospects
Edited by Joanne Hawana and Deborah Runkle

Published by The Food and Drug Law Institute in partnership with

the American Association for the Advancement of Science.

PURCHASE NOW AND SAVE 25%

PersonalizedMedicine:
Prescriptions and Prospects

Edited by Joanne Hawana &

Deborah Runkle
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INTRODUCTORY PRICE EXPIRES 5/17/2011

Only $99 for AAAS Members

$149 Non-Members

Use Promo Code: AAASPM

*For academic pricing and bulk discounts, contact

FDLI’s Customer Service at (202) 371-1420.



We are pleased to announce that R&D Systems, Inc. and Boston Biochem, Inc. are joining to become

the research community’s leading source for cytokines and ubiquitin-related research reagents. We

look forward to combining our resources and talents in these distinct, but interrelated �elds to

provide products that best enhance the potential for scienti�c discovery. Both companies share a

commitment to developing the highest quality research reagents on the market and we realize

that nothing is more important to our success and the advancement of your research. For more

information, please visit the R&D Systems website at www.RnDSystems.com/go/BostonBiochem.

R&D Systems & Boston Biochem

Combining the Leaders in Cytokine and
Ubiquitin Research Reagents
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PRESIDENT AND

CHIEF EXECUTIVE OFFICER

LIBERTY SCIENCE CENTER

Following upon the distinguished leadership
of Dr. Emlyn Koster, who is retiring after a
15-year tenure, Liberty Science Center is
seeking its next President and Chief Execu-
tive Officer. Located in historic Liberty State
Park in New Jersey, Liberty Science Center is
a major educational facility offering excep-
tional science learning experiences to a broad
public of all ages. The position of President
and Chief Executive Officer offers an out-
standing opportunity for an individual with
the requisite vision and leadership abilities
to assure a vibrant future for an institution
poised to play an increasingly important role
in the area of STEM education in the State,
the region, and the nation.

Liberty Science Center recently completed a
$109 million expansion and renovation and
offers an unparalleled facility, a wide array
of educational programs and exhibitions, a
talented and experienced team of profession-
als, and an exciting location situated at the
heart of the greater New York/New Jersey
metropolitan region.

The President and Chief Executive Officer
reports to the Liberty Science Center Board
of Trustees and is chargedwith providing cre-
ative leadership to all aspects of the institu-
tion, including: the provision of strong direc-
tion to the articulation and implementation of
its mission; rigorous oversight of its adminis-
tration; articulate and persuasive advocacy of
its purposes; vigorous engagement in raising
the resources necessary to its operation from
government, corporate and individual donors,
and operations; a committed presence in the
communities it serves; willing collaboration
with the wide range of educational and cul-
tural institutions in the region; and, assuring
its effectiveness in making the study and
understanding of science accessible to people
of all backgrounds.

Qualifications for appointment to the

position of President and Chief Execu-

tive Officer of Liberty Science Center

include the following: at least 10 years of
increasingly responsible and relevant leader-
ship experience; proven administrative and
management skills, including rigorous budget
management; a profound understanding of the
sciences and of the role of science in society;
a demonstrated commitment to the purposes
of education; proven abilities as a fund-
raiser; superb communication skills; strong
interpersonal skills and presence as a public
figure; and, the ability to build and galvanize
a talented team of professionals.

Nominations and applications for the posi-
tion, enclosing a letter, current resume, and
list of references, may be made to the Chair
of the Search Committee:

Dr. Susan A. Cole, President

Montclair State University

1 Normal Avenue

Montclair, New Jersey 07043

Attention of: Mr. Michael G. Owen

Or electronically to:
lscsearch@mail.montclair.edu

Chair and Professor
Department of Microbiology,

Immunology
and Molecular Genetics

The University of Kentucky College of
Medicine is seeking a new Chair of the
Department of Microbiology, Immunology
and Molecular Genetics. We are
searching for a scientist of international
stature with a record of sustained grant
support and visionary leadership skills.
The new Department Chair is expected
to lead an active research program in
a department with 25 full-time faculty,
promote faculty development and student
education, and foster interactions within the
Department and throughout the University
of Kentucky. Current research strengths
in the Department focus on microbial
pathogenesis (bacterial, protozoan,
fungal and viral), host responses to
infection, and Cellular Immunology. The
Department is home to the transgenic
mouse and flow cytometry Core Facilities.
The Department is part of an Integrated
Biomedical Sciences (IBS) Program, which
fosters the recruitment and education of
doctoral candidates for the basic science
departments in the College of Medicine.

Successful candidates must possess a
PhD and/or MD; UK offers competitive
compensation based on rank and
experience and an excellent benefits
package.

Located at the heart of Central Kentucky’s
famed scenic Bluegrass Region, Lexington
is an economically thriving and vibrant
midsized city offering many cultural and
recreational activities.

To apply, please send curriculum vitae,
statements of research interests and goals
as Department Chair, and names of three
references to:

Greg Gerhardt, PhD
Chair, Search Committee

c/o Cheryl Songer
138 Leader Avenue

Lexington, KY 40506

Visit us online to learn more about the
University and the Department.

www.mc.uky.edu/microbiology

Upon offer of employment, successful applicants
must pass a pre-employment drug screen
and undergo a national background check
as required by University of Kentucky Human
Resources. The University of Kentucky is an
equal opportunity employer and encourages
applications from minorities and females.

Tracy Holmes
Worldwide Associate Director
Science Careers
Phone: +44 (0) 1223 326525

UNITED STATES & CANADA

E-mail: advertise@sciencecareers.org
Fax: 202-289-6742

Tina Burks
Midwest/West Coast/
South Central/Canada
Phone: 202-326-6577

Elizabeth Early
East Coast & Industry
Phone: 202-326-6578

Marci Gallun
Sales Administrator
Phone: 202-326-6582

Online Job Posting Questions
Phone: 202-326-6577

EUROPE & REST OF WORLD

E-mail: ads@science-int.co.uk
Fax: +44 (0) 1223 326532

Alex Palmer
Phone: +44 (0) 1223 326527

Susanne Kharraz
Phone: +44 (0) 1223 326529

Dan Pennington
Phone: +44 (0) 1223 326517

Lisa Patterson
Phone: +44 (0) 1223 326528

JAPAN

ASCA Corporation
Jie Chin
Phone: +81-3-6802-4616
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ScienceCareers.org and click For Employers,
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All ads submitted for publicationmust comply
with applicable U.S. and non-U.S. laws. Science
reserves the right to refuse any advertisement
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without limitation for offensive language or
inappropriate content, and all advertising is
subject to publisher approval. Science encour-
ages our readers to alert us to any ads that
they feel may be discriminatory or offensive.

ScienceC
areers

Advert
ising

o
n

li
n

e
 @

sc
ie

n
ce

ca
re

e
rs

.o
rg



www.sciencecareers.org 867

C
R

E
D

IT
: 
(L

IZ
 B

R
O

U
S
S
A

R
D

):
 R

O
C

K
Y

 Y
E

H
; 
IS

T
O

C
K

P
H

O
T

O
.C

O
M

 

UPCOMING FEATURES

Biotech and Pharma: Moving Up the Industry 
Ladder—June 17

BS/MS Scientists: Careers in Bioprocess 
(online only)—July 15

Postdoc Survey—August 26

“T
he way I treat cancer today is completely different 

from 10 years ago because of translational research,” 

says Mary (Nora) Disis, oncologist and principal 

investigator of the Institute of Translational Health 

Sciences at the University of Washington. Look at drugs like Gleevec, 

Avastin, and Herceptin, she says. All are examples of translational 

researchers converting molecular knowledge about specifi c cancer 

cells into effective, targeted therapies. The effi cient movement of 

basic science discoveries into clinical applications—often described 

as “bench to bedside” work—is the goal of translational research. 

Disis thinks the fi eld is so promising she hopes her kids grow up to 

work in it.

FLUENT IN MANY LANGUAGES, COMFORTABLE 
IN MANY CULTURES
Future translational researchers of all ages must be adaptable, life-

long learners, says Disis. “They have to be highly curious about a lot 

of different things, collecting data and ideas from the basic literature 

and creatively applying these to disease solutions. This means being 

outside your comfort zone, reading literature that is way outside your 

fi eld.” “Translating” is exactly what these scientists do—taking infor-

mation from one domain and expressing it in another, and commu-

nicating daily with people who speak different scientifi c languages: 

laboratory scientists, clinicians, patent and regulatory experts, bio-

statisticians, epidemiologists, and patients. A translational scientist 

should be able to move an idea all the way from basic research to 

a clinical application and back to the lab to inform more basic sci-

ence. Handing off projects from one expert to another doesn’t work, 

says Disis. Success requires someone who understands the idea in-

timately, and who can build a multidisciplinary team to guide it along 

the translational path. 

It’s a long journey with physical hurdles, since basic and clinical 

research labs usually reside in separate departments. There are also 

intellectual and cultural barriers. Basic science starts with a hypothe-

sis and designs experiments that validate or reject it, with the goal of 

acquiring knowledge. Translational science starts with a health need 

and looks for scientifi c insights or tools to address that need. Its goal 

is improving health, explains Barry Coller, vice president for medi-

cal affairs and physician-in-chief at Rockefeller University, in a 2008 

Mount Sinai Journal of Medicine article. The successful translational 

researcher needs to be comfortable in both of these cultures, be fl u-

ent in many fi elds, and thrive on collaboration.

For those with medical training, this might mean learning about 

FOCUS ON CAREERS

TRANSLATIONAL RESEARCH CAREERS

 AAAS/Science Business Office Feature

FROM THE LAB TO THE 
CLINIC AND BACK: 
TRANSLATIONAL 

RESEARCH TRAINING 
AND CAREERS

hypothesis-driven science and designing experiments and assays. 

For those with a research background, it could mean learning clinical 

study design and the bioethics of human research. In either case, 

the goal is becoming competent to interpret, evaluate, and discuss 

different types of research, rather than conducting it all yourself, 

says Doris Rubio, professor of medicine, biostatistics, nursing, and 

clinical and translational science at the University of Pittsburgh. In 

her translational science training program, she says, “I have a bio-

engineer who can now design a clinical trial. I love that he can do 

that, and he says it gives him a deeper understanding of his own 

research.” Formalized training is important because translational sci-

ence is so complex and getting exposure to all the elements is dif-

fi cult outside of a specifi c program, says Rubio.

BEING A MULTIDISCIPLINARY TEAM PLAYER
Training options include a Ph.D., Master’s degree, or certifi cate in 

translational science. For those who already have an M.D. or Ph.D., 

career development awards can provide support during the training 

period. Classes explain the basics of study design and methods, bio-

statistics, and bioethics. Because developing a new drug, device, or 

procedure is a team project, coursework might include team dynam-

ics and management. However, for most trainees, the most valuable 

aspects of a training program are mentoring and hands-on experi-

ence in multidisciplinary research.

A translational scientist 

should be able to move 

an idea all the way from 

basic research to a 

clinical application and 

back to the lab to inform 

more basic science.

Liz Broussard

Liz Broussarrd

Translational research programs bring together phy-

sicians, bench scientists, bioengineers, epidemiolo-

gists, patent experts, and more. The goal is learning 

to communicate across disciplines to achieve advanc-

es in health care. By Chris Tachibana

continued »

i ti t
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In the United States, most training opportunities are through 

the Clinical and Translational Science Awards (CTSAs), which were 

launched in 2006 based on the 2003 National Institutes of Health 

(NIH) Roadmap for Medical Research. This set of guidelines encour-

ages cross-disciplinary, team-based research as a way to overcome 

obstacles to turning scientifi c discoveries into health solutions. Cur-

rently, CTSAs have been granted to 55 institutions, with a plan to 

fund 60 institutions by 2012. The goal is to fund the consortium of 

award recipients with approximately $500 million annually. The NIH 

continues to promote translational research with the creation of the 

National Center for Advancing Translational Sciences (NCATS) as a 

“bold, new, focused center systematically engineered to acceler-

ate translation.” The CTSAs will be the cornerstone of the NCATS. 

However, NCATS has been controversial for the speed at which the 

center is being created and the effect of reorganization on other pro-

grams currently housed with the CTSAs under the NIH National Cen-

ter for Research Resources. 

The Howard Hughes Medical Institute also funds translational sci-

ence training through its Med into Grad Initiative, which has awarded 

various institutions a total of $16 million as of 2010. The programs 

introduce elements of clinical training into basic science graduate 

work. They vary by institute, but range from Ph.D. programs in trans-

lational research to mentoring opportunities that pair graduate stu-

dents with a physician advisor. 

M.D.-Ph.D. degrees train individuals in clinical and basic research, 

but translational research programs strive to integrate these two sides 

of medical science by connecting people and building networks. Liz 

Broussard is a gastroenterologist who is fi nishing a University of 

Washington Institute of Translational Health Sciences training pro-

gram. “There’s absolutely no way a junior researcher could launch a 

translational research career without this training,” she says, pointing 

out the benefi ts of everyday experience in a multidisciplinary team 

of scholars. “My fi rst year, we had a psychiatrist, a surgeon, a social 

worker, a cardiologist, and a pharmacist in the program.” A particular-

ly useful activity, she says, is weekly discussions of project ideas and 

works in progress. These are guided by senior faculty, who also give 

advice on “their career trajectory, resources, funding mechanisms, 

partnerships that were successful—essentially life experience, and 

teaching us how to succeed in research.” For a physician, Broussard 

said the value of a training program is lessons in research methods 

and thinking scientifi cally, and learning to ask whether the story in 

your project and funding application makes sense and has logically 

supported specifi c aims. 

For a bench scientist, a background in translational research turns 

the medical objective that is often written into a grant application into 

a real and achievable goal. Ian Lanza earned a Ph.D. in kinesiology, 

and is now a senior research fellow in the Mayo Clinic CTSA Men-

tored Career Development Program. This gives him both a postdoc-

toral research opportunity and guidance towards his long-term goal: 

“That my research has a high impact on public health.” Lanza’s proj-

ect involves collaborating with an endocrinologist and a radiologist, 

and he says, “It has been very seamless working with both, with a 

lot of collegiality between the departments.” In fact, one way that 

translational science programs integrate disciplines is to have stu-

dents and young investigators act as liaisons between senior faculty 

in different departments. In turn, says Lanza, trainees benefi t from 

having established clinical researchers as mentors and from work-

ing with experienced investigators from several disciplines. Lanza’s 

project illustrates another aspect of translational research: It’s not 

always about designing the next cancer drug. It can be traditional 

bench work with an eye toward how the results might be applied to 

everyday health care. Lanza is not currently planning any clinical trials 

for his work on muscle mitochondrial physiology and function, but 

looking ahead, says, “I hope to provide some concrete recommen-

dations for cost-effective, straightforward lifestyle choices that can 

preserve quality-of-life as people get older, not necessarily increasing 

their lifespan, but their health span.”

To get a sense of the variety and diversity of translational research 

and the educational options, look through the online offerings hosted 

by each CTSA-funded site. Depending on the institution, these in-

clude online case studies, podcasts and webcasts of seminars, and 

continuing medical education courses on topics such as statistical 

methods, or engaging the community in research. These web-based 

resources also extend the network of translational research into the 

global scientifi c community.

INTERNATIONAL AND INTERDISCIPLINARY
Translational research is not just multidisciplinary, it’s multinational. 

“Translational research is an emerging fi eld in China,” says Depei 

Liu, president and professor of the Chinese Academy of Medical Sci-

ences and Peking Union Medical College in Beijing. “For now there 

are no classes called ‘translational research,’ although related skills 

and experience are widely taught.” Formal training includes an op-

tion at some medical schools including Peking Union Medical Col-

lege that provides eight months of research training after the clinical 

program. Another program allows qualifi ed medical school graduates 

to earn a Master’s degree in a basic research fi eld. Informally, “doc-

tors are encouraged to do basic research, to apply for funding and to 

publish papers and collaborate with specialists in genetics and mo-

lecular biology, and doctors and basic researchers often hold meet-

ings together. In addition, there are many short courses and training 

programs in the fi elds of basic research and clinical 
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Chinese Academy 
of Medical Sciences
www.cams.ac.cn

European Commission
www.ec.europa.eu/index_
en.htm

Institute of Translational 
Health Sciences at the 
University of Washington
www.iths.org

Mayo Clinic
www.mayoclinic.com

FEATURED PARTICIPANTS

Peking Union Medical 
College
english.pumch.cn/english

Rockefeller University
www.rockefeller.edu

University of Pittsburgh
www.pitt.edu

Wellcome Trust
www.wellcome.ac.uk

“I hope to provide 

some concrete 

recommendations 

for cost-effective, 

straightforward lifestyle 

choices that can preserve 

quality-of-life as people 

get older, not necessarily 

increasing their lifespan, 

but their health span.”

                 —Ian Lanza
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ContraFect Corporation, a New York-

based biotechnology company, is building its

scientific team.

Under the leadership of Dr. Robert Nowinski—

developer of blockbuster drugs Cialis and Tobi

and founder of the four public companies Icos,

Genetic Systems, PathoGenesis, and VaxGen—

we are committed to developing treatments for

the most virulent and resistant microorganisms,

such as S. aureus and influenza.

ContraFect Corporation is an equal opportunity employer.

We recognize the power and importance of a diverse employee

population and strongly encourage applicants with various

experiences and backgrounds.

We are seeking self-motivated, curious, positive,

and collaborative individuals with long-term

career aspirations. More than 10 positions are

open for:

• research technicians • immunologists

• virologists • microbiologists

For more information and to apply, please

visit www.contrafect.com/careers or enter

keyword contrafect on sciencecareers.org.

CONTRAFECT

CORPORATION

28WELLS AVENUE

YONKERS, NY 10701

212 359-9553

WWW.CONTRAFECT.COM

Explore more solutions:

promise.ucr.edu

LIVINGTHE

PROMISE

HEALTH SOLUTIONS

Health  Sustainability 

Policy  Technology

INNOVATIVE THINKING

BREAKTHROUGH RESEARCH

REAL-WORLD SOLUTIONS

UCR neuroscientists are developing

powerful new diagnostic tools and

targeted treatments for autism, fragile

X syndrome and other disorders.
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www.sciencecareers.org870

research,” says Liu. Translational research centers have been estab-

lished in major research cities, he says, for example the SIBS-Novo 

Nordisk Translational Research Center for Pre-Diabetes in Shanghai. 

Current government support includes Chinese National Science 

Foundation funding for applied medical research, broad support for 

science and technology projects from the National Basic Research 

(973) Program, and Science and Technology Special Projects support 

for basic research in drug discovery and infectious disease.

In Europe, one opportunity for translational research training is 

the Marie Curie Actions, part of the European Union (EU) Seventh 

Framework Programme for Research and Technological Develop-

ment. Project support is available at the doctoral, postdoctoral, and 

career development level as well as for partnerships between in-

dustry and academia and for multisite studies. In keeping with the 

translational science goals of building networks, collaborations be-

tween countries are a focus, as is researcher mobility from one EU 

country to another. The budget for translational health research since 

2007 has been 12 million euros, representing 3% of health research 

training programs for the Marie Curie Actions, according to Georges 

Bingen, the European Commission’s head of unit for the Marie Curie 

Actions People Programme. 

In the United Kingdom, another stakeholder—the pharmaceuti-

cal industry—is involved in translational science training. The Trans-

lational Medicine and Therapeutics Programmes were established 

two years ago at University of Cambridge, University of Newcastle, 

Imperial College London, and a consortium of Scottish institutions. 

Funding is in the form of 11 million pounds from the Wellcome Trust, 

a London-based foundation that supports research on animal and 

human health, and contributions to individual institutions from com-

panies such as GlaxoSmithKline, Pfi zer, Roche, AstraZeneca, Sanofi -

Aventis, Sirtris Pharmaceuticals, and PTC Therapeutics. “We recog-

nized a need to train a new type of researcher who is comfortable 

in the creative space between academics and pharma,” says John 

Williams, head of clinical activities and head of neuroscience and 

mental health for the Wellcome Trust. “To do this, we partnered in-

stitutions with high-quality academics and health care facilities with 

world-class pharmaceutical companies.” Training programs can be 

individualized, but usually guide physicians through a Ph.D. project 

with an emphasis on teamwork, group support, and mentoring. Cur-

rently, 6 to 10 fellowships are awarded per year. Bidirectional com-

munication between the lab and the clinic is facilitated by physical 

proximity. “We’ve embedded clinical researchers and facilities in aca-

demic hospitals, with close links to the research environment around 

them, including access to technology for ‘omics and imaging,” says DOI: 10.1126/science.opms.r1100103

Chris Tachibana is a science writer based in Seattle, USA, and 

Copenhagen, Denmark.

Williams. “This allows subject phenotyping and tissue sampling to 

be brought into research labs to do the high-technology work that 

refl ects today’s bioscience.”

Regardless of the geographic setting, the goals and challenges 

of translational research are the same, says Liu: Getting funding 

and infrastructure support from the government, training young 

investigators, creating a multidisciplinary community of research-

ers who can effectively communicate with each other, and fi nding 

ways to systematically implement translational research results into 

clinical practice.

A GROWING FIELD IN A SHIFTING BACKGROUND 
Scientists beginning a career in translational science also need to 

consider the changing emphasis of medical research, particularly in 

the United States, where health care reform is currently under way. 

Doris Rubio says, “we’re seeing a shift to personalized medicine and 

medicine that’s more evidence-based. The fi eld is also expanding 

into patient-centered outcomes research, so not just comparing drug 

A with a placebo, but drug A versus drug B.” In spite of the uncertain-

ties, she says, “It’s an exciting time because we have a lot to learn.” 

Changes in the business sector also affect the translational re-

searcher. John Williams of the Wellcome Trust says, “Pharma is 

looking to change its discovery models, and as painful as that re-

trenchment may be, it creates wonderful opportunities in the space 

between pharma and academia. We hope it will inspire the most 

creative minds to participate in this exciting time in biomedical and 

translational research.”

Even in the changing health research landscape, postdoctoral fel-

low Ian Lanza is positive about his career path. He sees the fi eld as 

growing, and feels that the NIH generally supports young investiga-

tors. Gastroenterologist Liz Broussard says although she could make 

fi ve times as much money in clinical practice, this would probably 

mean “doing colonoscopies eight hours a day,” and she fi nds her 

work on a colon cancer vaccine much more inspiring. “I enjoy the 

clinical work I do now,” she says, “but ultimately, translational re-

search can affect patients by changing the current standard of care. I 

am optimistic about it because I can see myself doing a small part to 

advance science. It’s exciting and, despite funding woes, that keeps 

me going.”

“We’ve embedded 

clinical researchers and 

facilities in academic 

hospitals, with close 

links to the research 

environment around 

them, including access 

to technology for ‘omics 

and imaging.”

          —John Williams

Clinical and Translational Science Awards

ncrr.nih.gov/ctsa

Howard Hughes Medical Institute 

Med into Grad Initiatives

www.hhmi.org/grants/offi ce/graduate/gradstudent/

medintograd_opportunities.html

Marie Curie Actions 

ec.europa.eu/mariecurieactions
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Professor of Disease Genetics / Epigenetics
The Department of Biology (www.biol.ethz.ch) at ETH Zürich invites applications for a position of Associate or Full
Professor in the area of Disease Genetics /Epigenetics.

Candidates are expected to build a strong and independent research program in molecular genetics or epigenetics
aimed at studying the relationship between the genome/epigenome and mammalian organ function in health and
disease. In his or her hypothesis-driven research the successful applicant should combine molecular /biochemical ap-
proaches and advanced genetics and functional genomics technologies with functional studies based on viral vectors,
RNA interference, transgenesis or knockout technology using the mouse as a model system. He or she should comple-
ment the research in the area of Molecular Health Sciences performed at the Department of Biology, with a strong
focus on the understanding of disease mechanisms and on the development of the scientific foundations for persona-
lized medicine. Candidates integrating a translational research program are particularly welcome.

The new Professor will be a member of the Department of Biology of ETH Zurich and strengthen the research focus
in Molecular Health Sciences. ETH Zurich offers state-of-the art technology platforms and outstanding opportunities
to participate in interdisciplinary research programs. Involvement in the teaching programs in Biology and Molecular
Health Sciences is expected. She or he will be expected to teach undergraduate level courses (German or English) and
graduate level courses (English).

Please apply online at www.facultyaffairs.ethz.ch. Your application should include your curriculum vitae, a list of publi-
cations, and a detailed research plan. The letter of application should be addressed to the President of ETH Zurich, Prof.
Dr. Ralph Eichler. The closing date for applications is 31 August 2011. With a view towards increasing the number of
women in leading academic positions, ETH Zurich specifically encourages women to apply.

www.medimmune.com/careers

Announcing:

The MedImmune Postdoctoral Program
Postdoctoral Fellowships in Research and Development

Advancing Science and Medicine to Help People Live Better Lives

Copyright © 2011 MedImmune, LLC. All rights reserved.
MedImmune is an Equal Opportunity Employer.

“This is My
MedImmune.”

“This is an
opportunity

to develop
my future

in biomedical
research.”

We are now accepting applications for our Postdoctoral Program where you will

have an opportunity to develop your professional potential and gain valuable

experience from some of the top minds in the biopharmaceutical industry.

We are seeking PhD talent for a 3-year assignment. Positions are available in

Gaithersburg, Maryland; Santa Clara and Mountain View, California; and

Cambridge, UK.

Explore our Fellowship opportunities in areas of biotechnology discovery and

product development including:

• Infectious Disease • Oncology

• Respiratory & Inflammation • Biopharmaceutical Development

• Translational Science • Protein Engineering

World-class mentoring • Competitive salary and benefits, 401(k),

and bonus potential!

Learn much more at: www.medimmune.com/careers

Click on the Postdoctoral box on the home page, or on the link under

“Our Opportunities”.
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Scientific Program Leaders
Oncology Institute
Cardinal Bernardin

Cancer Center

Loyola University Chicago Stritch School ofMedicine (SSOM) is recruit-
ing scientific program leaders for its Oncology Institute, the basic and
translational research arm of its Cardinal Bernardin Cancer Center. The
primary areas of focus are:

1. Stem cell biology
2. Signal transduction and experimental therapeutics
3. Gene regulation and epigenetics
4. Immunotherapy

Successful candidates will: (a) Lead a basic and translational scientific
program in one of the designated research areas; (b) Develop synergistic
research collaborations spanning clinical domains of hematologic, breast,
GU, GI and/or skin malignancies; and (c) Provide mentorship and assis-
tance to junior faculty within their programs. Our highly interactive
research environment provides opportunities for translational research in
association with the Cancer Center’s strong clinical oncology program.
It is expected that applicants will have evidence of sustained academic
productivity and grant support. Individuals with a Ph.D., M.D., and/or
equivalents at any academic rank are welcome to apply for these full-time,
12-month, tenure-track faculty appointments. Recruitment slots for addi-
tional faculty will be provided in addition to a generous start up package
and laboratory space. Rank of academic appointment, salary and startup
will be commensurate with credentials.

Interested candidates should send a current CV, letter of interest and a list
of at least three professional references to:

Paul C. Kuo, M.D.

Director, Oncology Institute

Loyola University Stritch School of Medicine

pkuo@lumc.edu

Loyola University Chicago is an Equal Opportunity and Affirmative
Action Employer, and provides a smoke-free and drug-free environment.

Vienna International Post-Doctoral Training
in Molecular LifeSciences

With support from the Austrian Ministry of Science and Research and the

City of Vienna, the Max F. Perutz Laboratories offer a unique post-doctoral
training programme, the Vienna International Post-Doctoral Training in

Molecular Life Sciences (VIPS).

Join the VIPS
Application Deadline 30th of June 2011

www.mfpl.ac.at/vips

Our Mission:
To promote Post-Docs on their way to scientific independence

Our Offer:

• 3-5 years Post-Doctoral training
• Independent research budget

• Travel money
• Mentoring and Coaching

• Career development
• Grant writing support

• Child care

Our profile:

MFPL is part of the Vienna Biocenter Campus, a center for world class
research. We offer a broad coverage of research areas, ranging from

Biochemistry, Cellular Biology, Immunobiology to Organismal Biology,
Bioinformatics, Structural Biology and Neurosciences.

Spend your post-doctoral training in a thriving scientific

environment in one of the most liveable cities of the world!

Contact: Gabriele Permoser, e-mail: vips@mfpl.ac.at

The National Institute of Environmental Health Sciences of the National Institutes of Health
is searching for a senior investigator qualified for tenured appointment to direct its Clinical
Research Program, which includes an on-site Clinical Research Unit in Research Triangle
Park and components at the Clinical Research Center in Bethesda, Maryland. NIEHS
supports and conducts research that contributes to the basic understanding of biological
and chemical processes, the contributions of environmental agents to human disease and
dysfunction, and the underlying mechanisms of environmentally associated diseases. The
Director, Clinical Research Program, is responsible for the development, administration,
coordination and oversight of investigator-initiated clinical research; provides general
advice to the Director and Scientific Director, NIEHS, on matters relating to human and clinical
studies; supervises the Office of Research Compliance; and develops policies and programs
for the execution of clinical research at NIEHS. For additional information concerning the
duties, go to niehs.nih.gov and click on Jobs at NIEHS.

Candidates must have an established and nationally or internationally recognized
record in the conduct and supervision of clinical research in a discipline relevant to
the environmental health sciences. Candidates should also have an established record
of experience with clinical training, institutional review boards, and compliance with
current clinical safety and regulatory issues. Candidates must have a Doctor of Medicine
or Doctor of Osteopathy degree from a school in the United States or Canada accredited
by the Liaison Committee on Medical Education (LCME) in the year of the applicant’s
graduation. Candidates with a Doctor of Medicine or equivalent degree from a non-LCME
accredited medical school must be certified by the Educational Commission for Foreign
Medical Graduates (ECFMG) or hold a Fifth Pathway certificate issued prior to December
31, 2009. Candidates must be board certified or board-eligible in a medical specialty
approved by the American Board of Medical Specialties (ABMS), and have the ability
to obtain medical licensure in the U.S. To apply, submit a cover letter with plans for
directing and conducting a clinical and translational research program, Curriculum Vitae and
bibliography and the names and addresses (including e-mail addresses and phone numbers)
of three references to the following address by June 13, 2011. Salary is commensurate with
level of experience.

Ms. Stephanie Jones (Vacancy Number DIR 11-03)
National Institutes of Health
Office of Human Resources
P.O. Box 12233, Maildrop K1-01
Research Triangle Park, NC 27709
E-mail collinsonj@od.nih.gov

Director,
Clinical Research Program
Research Triangle Park, North CarolinaNational Institutes of Health

DHHS and NIH are Equal Opportunity Employers
We are dedicated to building a diverse community in

our training and employment programs
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If youwant to attract researchers interested in
exciting career opportunities in the biotech&
pharma industry, then advertise in this special
June 17 Career Feature.With exposure to over
700,000weekly readers and bonus distributions
to the BIO meeting, the BIO Career Fair, and
the Federation of European Biological Society
meeting, this is a don’t-miss opportunity.

Why should you advertise
in this issue of Science:
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Senior and Associate Scientists in Biotechnology
Discovery and Development – Indianapolis and San Diego

For more than 130 years, Lilly has been dedicated to meeting the
health care needs of people in the United States and around
the world. We address these needs primarily by developing
innovative medicines and investing a higher percentage of
our sales in research and development than any other major
pharmaceutical company.

Due to a strategic commitment to the growth of biotherapeutics
within the Lilly portfolio, multiple opportunities are currently
available within Biotechnology Discovery Research, Bioproduct
Research and Development, and Drug Disposition. These
are multidisciplinary organizations, focused on the discovery
and development of novel therapeutic proteins and peptides
through the optimization of their molecular properties. These
programs are synergized by the collaborative efforts of
scientists at our Indianapolis and San Diego sites, who take
full advantage of our excellence in protein science, molecular
engineering and optimization, biology and pharmaceutical
development, in the context of an integrated operational
infrastructure that seamlessly combines the biotherapeutic
discovery and development organizations.

We are looking for several Senior and Associate level
Scientists with expertise in molecular and cellular biology,
protein chemistry, protein characterization, biophysical
chemistry, protein formulation, PK/PD of biologics, biochemical
engineering, protein puri�cation process design and scale-up
for biologics. To be considered for these positions, please visit
www.lilly.com/careers and search for opportunities in science.

LILLY IS AN EQUAL OPPORTUNITY EMPLOYER.

Jennifer - Research Scientist for Lilly
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VASCULAR BIOLOGY CENTER

ASSISTANT/ASSOCIATE/FULL PROFESSORS

TENURE-TRACK

Applications are invited from qualified applicants for available faculty
positions at all ranks. The Vascular Biology Center is a department-like
unit of the Georgia Health Sciences University that presently includes 14
tenured/tenure-track core faculty, and a total of 110 staff (research faculty,
Pre- and Post-doctoral Fellows, ResearchAssistants, etc.) in recently reno-
vated, well-equipped 20,000+ square feet laboratory space. The existing
faculty are highly collaborative with extramural grant awards in excess of
$11million. The Center directs the PhD program inVascular Biology, and
Pre- and Post-doctoral Institutional NIH Training Programs.

The successful applicants will have excellent communication skills and
research interest in some aspect of vascular biology.Associate/Full Profes-
sors should have established NIH-funded programs. Preference will be
given to applicants with interests complementing those of existing faculty;
http://www.georgiahealth.edu/centers/vbc/vbc_corefaculty.html.

Competitive salaries and start-up packages are available. Inquiries and
applications (including full CV, letter of research interests/career plans,
and three letters of reference) should be addressed toDr. John D. Catra-
vas (jcatrava@georgiahealth.edu) or Dr. David Fulton (dfulton@
georgiahealth.edu).

The Georgia Health Sciences University is an Equal Opportunity and
Equal Access Institution, AA/EEO/Equal Access or

AA/EEO/Equal Access/ADA Employer. Applications from women and
under represented minorities are particularly encouraged. On-Line
Application http://www.georgiahealth.edu/facultyjobs reference

#5404, #5405, or #5406 Vascular Biology Center.

Director - Research Development

The Muscular Dystrophy Association is searching for a new member to join
our research and advocacy teams. Based in Washington DC in MDA’s advo-
cacy office, the Director - Research Development will lead MDA’s effort to
promote high-impact research designed to find the causes of and treatments
for neuromuscular diseases. Working closely with the research department at
MDAnational headquarters in Tucson,AZ and reporting to theVice President
– Research, this individual is expected to represent MDA’s research priori-
ties and develop collaborative opportunities with partners in government and
federal agencies, industry, and other non-profit agencies, enhance the visibility
of MDA’s research enterprise, and further leverage MDA’s research program
and infrastructure to accelerate therapy development for neuromuscular
diseases .

Strong candidates will have a doctoral degree (or equivalent) in a relevant
field, research experience, and a working understanding of federal research
and regulatory agencies (exceptional non-doctoral candidates with appropriate
experience will also be considered). Experience in neuromuscular disease,
with a focus on the translational research pipeline is preferred. Candidates
should also have the ability to think broadly across scientific disciplines;
be innovative and resourceful; have demonstrated ability to communicate
complex scientific concepts to a wide array of audiences including the lay
public, policy makers, members of Congress and Congressional staff; have
comfort with public speaking; and have knowledge of regulatory practices as
they pertain to therapeutic development and industry.

MDA is a leading advocate for neuromuscular disease research and actively
sponsors basic and translational research with the goal of developing new
therapies. Based in Tucson,Arizona, MDAmaintains some 200MDAfunded
medical clinics, a $40million/year research program, and a national grassroots
network of service providers.

Salary and benefits will be highly competitive and commensurate with experi-
ence. Interested individuals should contact:

Sanjay Bidichandani, M.B.B.S., Ph.D.

MDAVice President – Research

E-mail: researchinfo@mdausa.org

DIRECTOR – WARFIGHTER PROTECTION &

APPLICATIONS DIVISION

(Pharmacologist, Physiologist, or Biologist)

The Office of Naval Research is seeking a qualified individual to serve

as the Director of the Warfighter Protection & Applications Division in the

Warfighter Performance Science & Technology (S&T) Department. The

incumbent is responsible for managing and directing extensive activities

in fostering, administering, and executing an integrated program of basic

research, applied research, and advanced technology development in

the fields of biology, physiology, pharmacology, and research psychology.

Sponsored efforts are conducted principally at U.S. universities and

industry or Federal laboratories. This is a Civil Service position at the

NP-IV level ($105,211 – $155,500) depending on individual qualifications.

The position requires a world-class scientist with knowledge and

experience in the fundamental theories, concepts, and current-state-of-

the art research and/or technology development in the broad areas of

biology, physiology, pharmacology, and research psychology, and has a

proven track record in carrying out research and development at a level

that has garnered respect in the highest levels of academia.

For information on qualifications and how to apply,

see the Job Announcement via the link posted at

http://www.onr.navy.mil/en/career-job-opportunity/job-listing.aspx.

Applications must be submitted to the job announcement by close of

business 20 May 2011 or postmarked as of 20 May 2011.

U.S. CITIZENSHIP REQUIRED • AN EQUAL OPPORTUNITY EMPLOYER

Endowed Chair in
Cardiovascular Science

The Burnett School of Biomedical Sciences,
College of Medicine, seeks to fill Florida
Hospital Foundation Endowed Chair in
Cardiovascular Science. The chair holder is
expected to be an accomplished scientist
with a well-funded research program who
will be a tenured full professor. This
position will provide an opportunity to lead the Cardiovascular Science
program, one of the four areas chosen for emphasis in this school. He/she is
expected to lead recruiting of new faculty members and develop coopera-
tive research programs with the Heart and Vascular Institute and
Cardiothoracic Transplant Division in Florida Hospital that does one of the
largest number cardiovascular surgical procedures in the US as well as other
institutions interested in cardiovascular science in Central Florida.

A competitive salary, startup package and laboratories in the new
198,000 sq.ft. Burnett School of Biomedical Sciences building with
24,000 sq.ft. state of the art vivarium and shared core facilities at Lake
Nona will be provided. Access to the substantial core facilities at the
Sanford-Burnham medical Research Institute building in the adjacent site
at Lake Nona will be available. The VA Hospital and Nemours Children’s
hospital under construction in the neighboring sites at Lake Nona will
provide additional opportunities for collaborative research.

The University of Central Florida has over 56,000 students and an outstand-
ing technology-based infrastructure. It is located in Orlando, a dynamic and
progressive metropolitan region, a major player in high-tech industry, and
adjacent to a top ranked Research park and a great place to live and work.
Review of candidates will begin on June 1, 2011. Please apply to by submit-
ting a curriculum vitae, a two page summary of research plans and contact

information for three or more references to
biomedcardiochair@ucf.edu .

The University of Central Florida is an
equal opportunity, equal access, and affir-
mative action employer. As a member of
the Florida State University System, all

application materials and selection proce-
dures are available for public review.

Burnett School of Biomedical Sciences
College of Medicine
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National Aeronautics and Space Administration

NASAAMES RESEARCH CENTER

Research Scientist Position

WORK WITH NASAAMES TO DEFINE THE FIELD OF

SPACE SYNTHETIC BIOLOGY

Building on decades of cutting edge scientific achievements, NASA
Ames Research Center is creating a new, interdisciplinary, research
effort to use synthetic biology as an enabling technology to explore our
solar system.

As a recognized expert and leader, you will establish a Center for Space
Synthetic Biology and play a key role in defining the field.Youwill direct
start-up funds (subject to appropriation) intended to fund your salary,
lab equipment, graduate students, and post-doctoral students, and grow
research capabilities to build this center into a world-renowned establish-
ment. You will recruit and lead research teams, compete for grants, and
collaborate with others within and outside of NASA.

The Center for Space Synthetic Biology at NASAAmes Research Center
is being created to harness biology in reliable, robust, engineered systems
to support NASA’s exploration and science missions, to improve life on
Earth, and to help shape NASA’s future.

At NASA, your research could change the world, and enable exploration
of new ones.

US Citizenship is required.

Interested applicants should apply directly to USAJobs to vacancy
number AR11B0066 at

http://jobsearch.usajobs.gov/ftva.asp?opmcontrol=2240258

NASA Ames Research Center does not discriminate in employment
on the basis of race, color, religion, sex, national origin, political
affiliation, sexual orientation, gender identity, marital status,

disability and genetic information, age, membership in an employee
organization, or other non-merit factor.

Call for applications for the positions of

Chief Scientist
RIKEN Advanced Science Institute, JAPAN

RIKEN Advanced Science Institute (ASI) is applying its integrated

and interdisciplinary resources and autonomous atmosphere to
strengthen various interdisciplinary research fields. ASI is now

planning to establish a laboratory headed by Chief Scientist who is

capable of implementing original research in the interface between

chemistry and biology, to establish functional strategies over the

medium and long terms. The new laboratory is expected to stand at

the forefront of chemistry, e.g. in creating innovative substances, and

develop a new research field through construction of higher order

biological complexes, dynamic analysis of living systems, and so

forth.

The post is a permanent appointment, subject to RIKEN's mandatory

retirement age of 60. RIKEN expects that the successful applicant

will be able to take up this position onApril 1, 2012.

Applicants should send a full curriculum vitae and photograph; list

of publications; one copy each of five key publications; a statement

(about five pages A4 sized paper) explaining former research

experience and proposals for research at RIKEN; and the names and

addresses of three referees. Further details are available from the
address below. All applications should reach RIKEN by August

15, 2011.

Applicants should address all correspondence to:

Dr. Yukishige Ito, Head of the Chief Scientist Nominating

Committee, RIKEN Advanced Science Institute, 2-1 Hirosawa,

Wako, Saitama, 351-0198, JAPAN

For more information, please visit:
http://www.riken.go.jp/engn/r-world/info/recruit/k110316_s_asi.html

The Methodist Hospital System is the official health care provider of the

Houston Texans, Houston Astros, Houston Dynamo, Rice Athletics, Houston Ballet,

Houston Grand Opera and Houston Symphony.

Houston, TX

Since its inception, The Methodist Hospital Research Institute
has challenged the notion of “by-the-book” medical research.
Led by Mauro Ferrari, Ph.D., President and CEO, the Research
Institute is a 440,000-square-foot research enterprise for
The Methodist Hospital System in Houston, TX, and is affiliated
with the Weill Cornell Medical College in New York City.
Methodist is transforming medicine with emerging techniques,
and a staff that is developing real treatments and cures every
day. Our laboratories are equipped with advanced technology
and facilities that include a cyclotron, pre-clinical and clinical
imaging, flow cytometry and microscopy, small and large
animal vivariums; and a GMP facility for nanoparticles,
contrast agents, vaccines, and therapeutic molecules.
Our facility is a vertically integrated state-of-the-art
laboratory for translational and clinical research where
translational researchers and physician scientists bring
ideas to clinical applications.

We are now searching for research professionals
to serve in a variety of capacities.

Program leaders in the fields of:
• Neurodegenerative Diseases and

Repair of the Nervous System
(Methodist Neurological Institute)

• Cardiovascular Science
(Methodist DeBakey Heart & Vascular Center)

• Cancer Biology (Methodist Cancer Center)

Senior scientists in the fields of:
• Diabetes and Metabolic Disorders

(Methodist Center for Diabetes, Obesity and Lipids)

• Transplant Immunology
(Methodist Transplant Center)

Candidates should be nationally and internationally
recognized leaders with an outstanding track record of
scientific discovery, funded research, programmatic
leadership and academic mentorship. We will provide you
with a position in the epicenter of medical research. You’ll
discover an excellent research environment, state-of-the-art
equipment, and the chance to follow your research from
discovery to clinical application in a single facility.

Applicants should submit a Statement of Scientific Interest,
a Curriculum Vitae, and the names of three references to:
Tong Sun, Director of Central Research Administration,
The Methodist Hospital Research Institute,
6670 Bertner St., M.S. R2-216, Houston, TX 77030,
or email facultyapplications@tmhs.org (please specify
applying field in the subject line of email). Our success
as an organization is due to the diversity of our team.
We are an equal opportunity employer.

www.tmhri.org www.MethodistHealth.com

Our World-Class
Research Institute
Is Looking for
Scientific Leaders

Aker/Zvonkovic Photography
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ScienceCareers.org

Get a Career Plan that Works.

An exceptional career requires insightful planning and management.

That’s where Science Careers comes in. From job search to career

enhancement, Science Careers has the tools and resources to help

you achieve your goals. Get yourself on the right track today and get a

real career plan that works. Visit ScienceCareers.org.



Professor of Sustainable
Agroecosystems
The future Department of Environmental Systems Science at ETH Zurich invites

applications for a Professor to develop and lead a research group in Sustainable

Agroecosystems. The new Professor will be expected to develop an internationally

recognized research program in agroecosystem science. His or her research will

lead to new tools and concepts to assess and manage agroecosystems at the farm

to landscape scale. The overall goal in this professorship will be to increase the

resource efficiency of food production while minimizing the negative impacts of

agricultural production on the environment.

The new colleague will be expected to engage in extensive research and teaching

collaborations with other professorships sharing similar interests at ETH Zurich,

within the ETH domain and with relevant institutions. The new professor will be

expected to teach undergraduate level courses (German or English) and graduate

level courses (English) in the field of agroecosystems science.

Please apply online at www.facultyaffairs.ethz.ch. Your application should inclu-

de your curriculum vitae, a list of publications, a statement of your research and

teaching interests, and the names and contact information of three possible referees.

The letter of application should be addressed to the President of ETH Zurich, Prof.

Dr. Ralph Eichler. The closing date for applications is 31 August 2011. With a view

towards increasing the number of women in leading academic positions, ETH Zurich

specifically encourages women to apply.

The Norwegian University of Science and Technology (NTNU) in Trondheim
represents academic eminence in technology and the natural sciences as well as
in other academic disciplines ranging from the social sciences, the arts, medicine,
architecture to fine art. Cross-disciplinary cooperation results in innovative break-
throughs and creative solutions with far-reaching social and economic impact.
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Faculty of Medicine

Professorship
in Medicine (Nanomedicine)

The Faculty of Medicine at the Norwegian University of Science and
Technology (NTNU) announces a vacancy for a Professor in Medicine
(Nanomedicine). The professorship is part of NTNU’s strategic effort in the
field of nanotechnology.The successful applicant will benefit from a strong
existing infrastructure at NTNU NanoLab (www.ntnu.no/nanolab).The new
St. Olav’s Hospital is a fully integrated university hospital with offices and
laboratories located inside the clinical centers. This provides an excellent
arena for translational and inter-disciplinary research involving medicine,
technology and the natural sciences. We seek a candidate with solid
experience in organizing and leading an independent research group and
attracting international funding. The successful candidate excels in
nanomedicine as proven by a strong record of scientific publications.

For further information about the application process see
www.jobbnorge.no or contact Professor Olav Haraldseth,
E-mail: olav.haraldseth@ntnu.no, Tel. +0047 7359 8249.
See also http://www.medisin.ntnu.no/eng/
Application deadline: 31 July 2011.

Assistant/Associate
Professor of
Veterinary Anatomic
Pathology (tenure track)

Applications are desired from candidates who have enthusiasm for inves-
tigative or translational research in areas that integrate within existing
research strengths at the University of California, Davis and the concepts
of “One Health”. Veterinarian with advanced training in anatomic pathol-
ogy is required as well as publication in high quality journals and a PhD
or equivalent. Eligibility for certification by the American or European
College of Veterinary Pathology is required. However, board certification
is preferred. Candidates are expected to have or to establish and maintain
a strong extramurally funded research program. Candidates must possess
excellent interpersonal and communication skills and a demonstrated
ability to work with others in a collegial team atmosphere. Candidates
with a demonstrated aptitude/experience in professional and/or graduate
education would best complement the diverse curriculum at UC Davis.
Postdoctoral research experience is preferred. Office and laboratory space
are available in a new, state-of-the-art facility (Veterinary Medicine 3A,
opened in 2007). The department’s research and teaching programs inter-
digitate with other campus-wide programs, and resources in the Schools
of Medicine and Veterinary Medicine, the California National Primate
Research Center, and the Cancer Center.

To receive fullest consideration, applications must be received by
September 1, 2011; position opened until filled. Submit applications
with letter of interest, curriculum vitae, concise statement of present
and future research plans, summary of teaching experience, and names
of three references (including addresses, telephone numbers and e-mail
addresses) to: Linda Potoski, Department of Pathology, Microbiology
and Immunology, School of Veterinary Medicine, University of

California, Davis, CA 95616.

The University of California is an
Equal Opportunity/Affirmative Action Employer.
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Stony Brook University’s Department of Physiol-
ogy and Biophysics is seeking Postdoctoral
Associate’s. The positions are available for
those holding PhD/D.Sc., or equivalent in the
biological sciences (required) with 0 to 2 years
of prior postdoctoral training (preferred). The
Wnt signaling cascade controlling development
will be explored at the cellular level using mo-
lecular and cell biological as well as proteomic
strategies, focusing on studies performed in
embryonic stem cells. Read-outs include gene
expression, protein-protein interactions in live
cells, and expression of developmentally
important markers. Prior experience in research
techniques central either to developmental
or to molecular biology and /or Wnt signaling
preferred. Prior experience in embryonic stem
cell propagation and use welcomed.

For a full position description, application
procedures, or to apply online, visit
www.stonybrook.edu/jobs (Job Reference #:
HS-R-6793-11-05-S) or email cover letter
and C.V. to: Dr. Hsien-yu Wang, Stony Brook
University, Physiology and Biophysics,
Stony Brook, NY 11794-8661
wangh@pharm.stonybrook.edu

Stony Brook University/SUNY is an equal opportunity,
affirmative action employer.

Postdoctoral Associates



POSITIONS OPEN

DEPARTMENT HEAD
Veterinary and Microbiological Sciences

North Dakota State University

The North Dakota State University (NDSU) De-
partment of Veterinary and Microbiological Sciences is
currently recruiting for a Head. Our faculty train un-
dergraduate and graduate students in core areas of vet-
erinary and microbiological sciences. In addition, the
department has well-equipped laboratories and nation-
ally recognized areas of research. The Head will foster
excellence in research, teaching, and service within the
department. In collaborationwith faculty, theHead will
lead the development and articulation of the depart-
mental vision. In addition, the Head will develop and
maintain productive, collegial working relationships with
the university, scientific communities, and the public as
well as livestock and companion animal constituencies.
(S)he will manage the department_s human, financial,
and physical resources, which will include conducting
performance evaluations, preparing and submitting ad-
ministrative reports, administering merit-based pay in-
creases, and providing oversight of budgets and physical
facilities. The Head will recruit and retain outstanding
students, staff, and faculty; will promote an environ-
ment that fosters diversity, collegiality, and teamwork;
and will actively seek resources for the support of ac-
ademic and service programs including extramural
funding and endowments. It is anticipated that the
Head will contribute to academic and/or service pro-
grams as is commensurate with his/her administrative
responsibilities.
For a complete list of minimum and preferred qual-

ifications and instructions to apply, please visitwebsite:
http://jobs.ndsu.edu/postings/438.

NDSU is an Equal Opportunity /Affirmative Action Employer.
NDSU is an ADVANCE Institution.

FACULTY POSITION ASSISTANT
PROFESSOR in

Nutrition and Cancer
The University of Texas at Austin

The Department of Nutritional Sciences, School of
Human Ecology, College of Natural Sciences, invites
applications for a tenure-track faculty position at the
rank of Assistant Professor. For this position, we are
seeking candidates with a focus on nutrition and cancer.
Candidates with research on nutrition in relation to pe-
diatric cancers are especially encouraged to apply. Spe-
cific research areas related to nutrition and cancer and
of particular interest include inflammation, epigenetics,
metabolism/metabolomics, and early life exposures; how-
ever, qualified candidates in other research areas may also
be considered. The successful candidate will have, and is
expected to maintain, a strong, externally funded re-
search program. Candidates should also have a strong
interest in teaching at the undergraduate and graduate
levels. Individuals must have a Ph.D., M.D., or M.D.-
Ph.D. in a relevant field and a strong record of teaching,
research productivity, and federal funding. Applicant In-
structions: Interested candidates should submit a letter
of interest, curriculum vitae, a research statement, and a
list of five references (whowill not be contacted without
the consent of the candidate). Applications and letters
should be sent to the attentionof:Dr. John DiGiovanni,
Chair-Search Committee, Department of Nutrition-
al Sciences, The University of Texas at Austin, Dell
Pediatric Research Institute, R1800, 1400 Barbara
Jordan Boulevard, Austin, TX 78723 or e-mail:
jdigiovanni@mail.utexas.edu. Background check conducted on
applicant selected. The University of Texas at Austin is an Affir-
mative Action/Equal Opportunity Employer.

ASSISTANT/ASSOCIATE PROFESSOR
Harvard Medical School

Beth Israel Deaconess Medical Center

Department of Obstetrics and Gynecology. The can-
didate should be a Ph.D. committed to research in one
of the followings areas: Reproductive Biology, Repro-
ductive Endocrinology, or Gynecologic Oncology. At-
tractive opportunity for the candidate to establish a new
program in an outstanding and vibrant environment.
Send inquiries and curriculum vitae to: John Yeh, M.D.,
Professor and Chairman, Obstetrics and Gynecology, Beth
Israel DeaconessMedical Center, HarvardMedical School,
Boston, MA. E-mail: jyeh1@bidmc.harvard.edu.

POSITIONS OPEN

FACULTY POSITION
Department of Pharmaceutical Sciences

University of Pittsburgh

The Department of Pharmaceutical Sciences of the
School of Pharmacy is seeking candidates at all levels for
a tenured/tenure-stream position.
The department_s faculty have diverse research in-

terests: biochemical pharmacology, molecular biology
and genetics; drug discovery, development and delivery;
and etiology of drug abuse disorders (website: http://
www.pharmacy.pitt.edu/about/departments/
pharmsciences.html). The faculty interacts through
their associations with the school_s Center for Phar-
macogenetics, Center for Education and Drug Abuse
Research and Center for Translational Research, and
the University of Pittsburgh Drug Discovery Institute,
the University of Pittsburgh Clinical and Translational
Science Institute, the University of Pittsburgh Cancer
Institute, and the VA Pittsburgh Healthcare System.
Applicants whose research interests complement ex-

isting areas of strength are particularly encouraged to
apply. Applicants should have a Ph.D., PharmD, M.D.,
or equivalent and a record of experience and scholarship
consistent with the rank sought. The successful appli-
cant will be expected to contribute significantly to the
School_s Ph.D. and PharmD programs.
The Department of Pharmaceutical Sciences is lo-

cated on the Oakland campus of the University of
Pittsburgh along with the other Health Sciences
Schools and the School of Arts and Science. This close
proximity, along with affiliation with the University of
PittsburghMedical Center, provides unique intellectual
opportunities for research collaboration, as well as ac-
cess to extensive research resources. The University of
Pittsburgh continuously ranks in the top ten among all
universities in research support from the National
Institutes of Health. For information on the Pittsburgh
area, see website: http://www.coolpgh.pitt.edu/.
Applicants should send PDF files containing a letter

describing their interest in the position, a description of
their current and/or future research interests, a com-
plete curriculum vitae, and the names of at least four
individuals who will serve as references to:Ms. Michele
Chamberlain at e-mail: mrc6@pitt.edu. Applications
will be reviewed starting July 1.

The University of Pittsburgh is an Affirmative Action/Equal
Opportunity Employer.

POSTDOCTORAL POSITION
Johns Hopkins University

Membrane Transport Program

William B. Guggino, Ph.D., professor and director
of Physiology in the School of Medicine seeks outstanding
individuals to study transport proteins using electrophysio-
logical approaches. Suitable candidates must have a Ph.D.
and a proven record of research achievements in the
study of transport proteins. Presently, the laboratory has
a wide range of interests in basic transport physiology
with a particular emphasis on transport related diseases
such as Cystic Fibrosis and Polycystic Kidney Disease.
Further information about the Physiology Department
is available at website: http://physiology.bs.jhmi.
edu/, and the Guggino laboratory website: http://
www.guggino.org. Applicants will be assessed on an
ongoing basis until July 30, 2011 and should send one
electronic (PDF) document including curriculum vitae,
a statement of research plans, and copies of any relevant
publications, to e-mail: gugginolabrecruitment@jhmi.
edu. At least two letters of recommendation should be
sent directly from the supporters to the same e-mail above
with the applicant_s name in the subject heading.

The Johns Hopkins University is an Equal Opportunity/
Affirmative Action Educator and Employer.

POSTDOCTORAL POSITION
GERMLINE STEM CELLS

Studies include culture, differentiation, and gene ac-
tivity of male germline stem cells. See Science 316:404,
2007 and PNAS 106:21672, 2009. Send curriculum
vitae, names of three references, and a letter describing
research experience to: R. L. Brinster, School of Vet-
erinary Medicine, University of Pennsylvania. E-mail:
cpope@vet.upenn.edu.

POSITIONS OPEN

FACULTY POSITION
Section of Endocrinology
Tulane School of Medicine

Research or tenure-track position, ASSISTANT or
ASSOCIATE PROFESSOR level. Section focus is
on diabetes. Funded candidates with molecular and/or
clinical pathophysiology are encouraged to apply. Re-
search and teaching responsibilities. Adjunct appoint-
ment(s) with Physiology, Biochemistry, and Pharmacology
are also possible. Section has strong clinical research/clinical
trials program. Clinical samples/materials available for
collaborative clinical/translational research. Section also
involved in epidemiology studies and a pilot program
of clinical translation of stem cell therapy in diabetes.
Send curriculum vitae, research and teaching goals, and
three references to e-mail: vfonseca@tulane.edu. Search
open until qualified applicant is identified.

Affirmative Action/Equal Opportunity Employer. Women and
minorities are invited to apply.
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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
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Withstand 99oC
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Fax: 314•968•8988 www.abpeps.com
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