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been used to argue that such material could rise
to the surface from the core through deep man-
tle plumes. However, this interpretation has been
contentious, and other evidence to back it up has
been sparse. Luguet et al. (p. 453; see the Per-
spective by Meibom) demonstrate instead that
anomalous Os ratios need not arise from mate-
rial leaked from the core. Sulfides can affect the
fractionation of the Pt-Os and Re-Os systems and
result in Os heterogeneities in the mantle itself.

A Look Inside Reactors
Many industrially significant chemical reactions
rely on flowing gaseous compounds through
packed solid catalysts. Optimization in these het-
erogeneous environments would benefit from
the capacity for detailed mapping of flow pat-
terns and reactive site distributions, but probes
of sufficient sensitivity are often lacking.
Bouchard et al. (p. 442) show that magnetic
resonance imaging, which typically requires liq-
uid samples, can
be applied to the
much more diffuse
gas-solid interface
of a microreactor
by signal enhance-
ment from the para
nuclear spin isomer
of H2. They probe
the hydrogenation
of propylene to
propane, and find
that use of the p-H2
in tandem with precisely timed pulse sequences
allows direct visualization of flow velocities and
active-catalyst density profiles.

Spinning Odds and Evens
The need for a net change in electronic spin
along a reaction pathway usually leads to 
substantial slowdown of the overall transforma-
tion. Burgert et al. (p. 438) show that this spin-
conservation principle extends straightforwardly
to a series of small anionic metal clusters com-
prised of ~10 to 20 aluminum atoms. Previous
studies had revealed a puzzling alternation in the
reactivity of odd and even-numbered Aln

– clusters
with oxygen. By varying the spin state of both the
clusters (through addition of H atoms) and the O2
(through excitation to the singlet), the authors
obtain mass spectrometric data that correlate
reactivity with spin-conserving pathways.

Dynamics of a 
Dangling Bond 
The development and optimization of functional
materials and devices depend on thoroughly
characterizing the carrier transport properties of
the material. As device structures decrease in
size, macroscopic characterization techniques
may no longer be valid. Berthe et al. (p. 436,
published online 13 December) investigate the
transport of inelastic tunneling electrons
through a localized state in Si, a dangling bond,
and look at how the transport properties are
modified by the local microscopic environment.

Core Problem
A major goal of mantle geochemistry has been
to find isotopic or chemical signatures of the
outer core in mantle-derived materials. Unusual
osmium isotope ratios in Hawaiian rocks have

Short-Wavelength 
Photonics
Reductions in the operational wavelength of
laser diodes into the blue and violet has made
possible the development of high-density
recording media such Blu-ray optical discs. Gen-
erally, the laser diodes at the heart of such tech-
nology are formed from bulk crystals of GaN.
Matsubara et al. (p. 445, published online 20
December) now show that photonic crystal 
technology, already demonstrated for surface-
emitting lasers at infrared wavelengths, can be
scaled down to emit in the blue-violet regime.
The possibility to engineer the emission wave-
length and polarization mode may enable even
higher optical storage densities.

Soft Mantle Signature
Earth’s lower mantle extends from depths of

600 to about 2900 kilometers, and for
much of this depth the mantle contains
two major minerals, perovskite and fer-
ropericlase. Both minerals contain some
iron, and at depths below about 1300
kilometers, it has been shown that
changes in the spin pairing of the iron
affects the properties of these minerals.
Crowhurst et al. (p. 451) measured the
stiffness of ferropericlase at high pres-
sures across this transition. With increas-
ing depth across the transition, the min-
eral becomes progressively softer to the
propagation of seismic waves, and more

so as the iron content increases. These data

EDITED BY STELLA HURTLEY AND PHIL SZUROMI
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Dissecting Stardust Origins >>
Stardust recently returned the first samples collected
from a known comet. It was thought that these samples
might resemble interplanetary dust particles (IDPs),
which are also thought to come from comets and have
been collected in Earth’s stratosphere and elsewhere on
Earth, such as in polar ice. Ishii et al. (p. 447; see news
story by Kerr) directly compare silicate grains from Star-
dust and IDPs and show that this is not the case. Instead,
the Stardust samples resemble grains from meteorites.
These findings imply that there is a continuum between
asteroids and comets, that at least this comet does not
have much material from the outer solar system, and that
the IDPs may be the most primitive remaining material in
the solar system.

Continued on page 383
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This Week in Science 

may help explain the lack of a clear seismic signal of a phase transition at depth and may help
explain the seismic signatures of the deeper lower mantle. 

The Inconstant Female 
Female choice is thought to drive evolution through sexual selection. It has been assumed that
females over time would show consistent preferences for the same male traits. However, Chaine and
Lyon (p. 459; cover) found in a long-term study of sexual selection in lark buntings that females have
flexible patterns of choice for male traits over several years. This finding explains both the stability of
traits under sexual selection and the evolution of multiple male sexual signals. Analyses of phenotypic
selection with short time frames can lead to incorrect predictions about the trajectory of sexual selec-
tion, which might explain earlier contradictory findings. 

Fast and Slow
During gene transcription, some activator proteins bind cyclically to their promoters, with periodic-
ities of ~30 seconds (fast cycling) or ~30 minutes (slow cycling). Karpova et al. (p. 466) now show
that these different cycles are distinct, but that the same transcription activator can engage in both
cycling activities on the same promoter at the same time. It seems that the fast cycle is involved in
transcription initiation, whereas the slow cycle modulates the number of promoters accessible for
initiation. 

Homering in on T Cell Activation
In the immune system, T cells are stimulated by signals that
emanate from the T cell receptor (TCR) and co-stimulatory
cell surface receptors, most notably CD28. CD28 signals 

profoundly influence the ensuing immune response—TCR
stimulation in the absence of CD28 results in anergy, a state of

permanent inactivation. Huang et al. (p. 476) provide 
evidence that the alternate pathways for a T cell are coordi-
nated by two cytoplasmic scaffolding proteins, Homer2 and

Homer3. Absence of these proteins caused unchecked activity of
the central cytokine transcriptional regulator NFAT (nuclear factor of activated T cells), up-regulation
of cytokine expression, and signs of overt T cell reactivity. Thus, a dynamic decision mechanism 
dictates whether a T cell will become activated or anergized.

Activating Aurora
Cell division in eukaryotes requires tight spatial and temporal control of its many components.
Aurora B kinase, as part of the chromosomal passenger complex (CPC), plays a critical role in regu-
lating chromosome segregation to daughter cells. How is the activity of Aurora B itself controlled?
Rosasco-Nitcher et al. (p. 469) show that Aurora B is regulated at several levels by the protein
teleophase disc 60-kD (TD-60), which, like Aurora B, is also found at inner centromeres during
metaphase. Interaction with TD-60 brings the CPC to the centromere, and, in combination with
microtubules, activates Aurora B. Furthermore, Aurora B can only act on previously phosphorylated
substrates, whose phosphorylation is also enhanced by TD-60. Thus, TD-60 may function to ensure
that high levels of Aurora B activity occur only at centromeres.

How Yeast Responds to Change
The origin of the rapid adaptive response of yeast cells to changes in environmental osmolarity has
been unclear. Mettetal et al. (p. 482; see the Perspective by Lipan) now show that increases in
extracellular osmolarity activate the high-osmolarity glycerol signaling pathway, which changes
transcription of particular target genes. By measuring the cellular response to pulses of medium
with increased ionic strength, the authors were able to develop a predictive model of the dynamics
of this regulatory system. Rather than changes in gene expression, which have often been sug-
gested to be at the core of the response to osmotic shock, the fast response is actually dominated
by a nontranscriptional response that probably involves altered glycerol transport.

Continued from page 381
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Solutions for Nigeria
NIGERIA, LIKE MANY MOSTLY RURAL DEVELOPING COUNTRIES, IS NOT ABLE TO PROVIDE 
all its population with basic services such as safe potable piped water and affordable electric
power. The economics of extending the electric grid and water distribution network into the
countryside are daunting, and the people who lack electricity, safe water, and effective med-
icines are usually poor and clustered within extremely dense urban communities or live in
highly dispersed rural communities with limited infrastructure. Two-thirds of Nigerians,
around 100 million people, lack household electricity, and about as many do not have safe
drinking water. Nigeria also has the world’s largest burden of people suffering from infec-
tious diseases, mostly malaria, without effective treatment. 

Yet there are solutions. In Karnataka, India, the Solar Electric Light Company (SELCO)
sells, installs, and services solar home lighting systems to tens of thousands of poor villagers—
at a profit. Local subsidiaries of WaterHealth International of California
franchise storefront water stores and community purified water systems
in developing countries—at a profit. Potters for Peace of Nicaragua
supports local companies manufacturing ceramic water filters. These
are sustainable solutions in the sense that they do not depend on donor
funds or ongoing financial support from a government, because the
profit comes from sales to consumers alone. Can the private sector of a
country such as Nigeria be mobilized to provide basic services to the
population that the government cannot afford—at a profit? 

Many companies have developed business models that, incorporated
into a new approach to sustainability, can meet the needs of marginal pop-
ulations for electricity, safe water, and medicines, while providing new
sources of jobs and income. Their models include robust, but not necessar-
ily low-tech, products, customer training, microcredit, service contracts, and
franchising opportunities. As limiting as the conditions in Nigeria seem to be, the great advantage
to a company is the country’s huge number of potential clients. In India and other countries with
large numbers of poor people, companies aiming at the customer base at the wide bottom of the
economic pyramid have produced new, innovative products and services at substantial profit to
themselves as well as benefits to their customers. The market in Nigeria for electric power, safe
water, and effective malaria therapy exceeds the total populations of all but a handful of countries.

Mobilizing Science-Based Enterprises for Energy, Water, and Medicines in Nigeria, a recent
study issued by the U.S. National Academies and the Nigerian Academy of Science, addresses
the potential for a sustainable approach to supplying these basic services to Nigeria’s poor by
encouraging private companies to become involved. This study revolved around the findings of
three workshops that joined successful entrepreneurs from other countries, including executives
of SELCO, WaterHealth, and Potters for Peace, with Nigerian business leaders and scientists.
They prepared business models, including cost estimates, adapted to the Nigerian market for
companies to manufacture, sell, and install solar photovoltaic units and water filtration systems for
the rural and urban poor, and to produce the ingredients for and manufacture artemisinin combi-
nation therapies (ACTs), the most effective treatment for malaria. The malaria venture differs from
the other two because of complexities in the malaria drug market. If a global subsidy for ACTs
moves forward as expected, Nigerian products would have to meet international quality standards
to qualify for the subsidy, and national regulatory quality controls would need to be developed and
enforced, without which Nigerian ACTs could not compete with imported products.

The study concludes that businesses providing small-scale photovoltaic systems, low-cost
water filtration systems, and malaria drugs (assuming that Nigerian companies qualify for a puta-
tive global subsidy for ACTs) could operate profitably in Nigeria and in other countries of the
region. But adoption of this approach may require government incentives, educational campaigns,
and a corresponding shift in strategy by donor organizations and bilateral aid agencies. Interna-
tional aid programs may have to be reconfigured so that they resemble venture capital companies
with a diverse portfolio of investments (taking into account that startup companies may not always
succeed) rather than discrete, one-of-a kind grants. 

– Rita R. Colwell and Michael Greene

10.1126/science.1155012
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dications. The authors suggest that the intrinsic
disordered nature of the lattice creates defect
sites at pairs of Ga atoms in the largest pore that
act as activator sites for emission. — PDS

J. Am. Chem. Soc. 130, 10.1021/ja7101423
(2008).

P H Y S I O L O G Y

Give Me Oxygen (or Not)

Recent memorial tributes celebrating
the accomplishments of Sir Edmund
Hillary, one of the first two men to 
scale Mount Everest, are a fascinating
reminder of the ability of mammals to
tolerate low oxygen levels (hypoxia). 
The physiological response to hypoxia

involves the transmission of signals from cellular
oxygen-sensing pathways to metabolic enzymes
that consume oxygen, but how this occurs is
poorly understood. Aragonés et al. have studied
mice that are deficient in an oxygen-sensitive
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A P P L I E D  P H Y S I C S

CARS to See Spores

Selective detection of airborne biohazards in a
background environment filled with all manner
of pollen, dust, and debris remains a serious
challenge. Pestov et al. have pursued a promising
approach based on coherent anti-Stokes Raman
scattering (CARS) spectroscopy. In general,
Raman-based techniques should offer high
specificity based on molecular vibrational signa-
tures, but they have been plagued by high back-
ground noise due to nonresonant scattering of
the light by the molecules in the beam path. 
The authors’ group previously addressed this
shortcoming using a precisely timed series of
broadband pump and Stokes excitation pulses
followed by a delayed narrowband probe, a
modification of the more conventional CARS
protocol in which pump and probe pulses are
closer in time and duration (see Pestov et al.,
Reports, 13 April 2007, p. 265). They now show
that by shifting wavelengths from the visible to
the lower-energy near-infrared regime, they can
increase the signal strength by raising photon
intensity while avoiding damage to the sample
that would preclude identification. Further opti-
mization of the pulse bandwidths and relative
timings allowed detection of as few as 10,000
bacterial spores with a single laser shot. — JSY

Proc. Natl. Acad. Sci. U.S.A. 105, 422 (2008).

C H E M I S T R Y

Bright Yellow Glow

One approach for creating white-light sources 
is to integrate a yellow phosphor with a blue
light–emitting source. Yellow phosphors usually
comprise rare earth (Ce or Eu) ions in an inorganic
host matrix. Recently, it was shown that large-
channel Zn-Ga phos-
phates could exhibit
yellow-to-white lumi-
nescence. Yang and
Wang now report that
an organic-inorganic
microporous analog is
a highly efficient yel-
low phosphor with
photoluminescent
quantum efficiencies
that can exceed 40%. These materials contain
hexameric Ga clusters, Ga6(OH)4O26, that are
connected in a two-dimensional network through
bridging phosphate and oxalic acid groups. This
anionic framework is charge-balanced by organic

enzyme that regulates the stability of a tran-
scription factor (hypoxia-inducible factor–1),
which is known to activate genes involved in
cellular adaptations to hypoxia. Analysis of
skeletal muscle in the mutant mice revealed
that the loss of this enzyme, called prolyl
hydroxylase–1 (Phd1), lowered oxygen con-
sumption by reprogramming basal metabolism;
that is, by inducing a selective decrease in glu-
cose oxidation and a switch to more anaerobic
glycolysis. Muscle tissue in the Phd1-deficient
mice was protected from the necrosis typically
seen under acute oxygen deprivation, an out-
come apparently due to reduced formation of
harmful reactive oxygen species. These findings
not only identify Phd1 as a key molecular player
regulating hypoxia tolerance but raise the pos-
sibility that pharmacological inhibition of the
enzyme could have beneficial effects in diseases
characterized by oxidative stress and ischemic
damage. — PAK

Nat. Genet. 40, 10.1038/ng.2007.62 (2008).

EDITED BY GILBERT CHIN AND JAKE YESTON

Food supplements, such as the blue-green alga popularly referred to as spirulina, are used
worldwide and can serve as valuable sources of vitamins and minerals. Iron is one of the
many elements that are needed for life yet are toxic in excess. In the small intestine—
particularly in the first 12–finger-width segment known as the duodenum—epithelial cells
express the iron-regulatory proteins (IRP1 and IRP2) that maintain iron homeostasis by adjusting
the expression of proteins that absorb, metabolize, and export this essential dietary component.
By selectively eliminating the expression of IRPs in these cells in mice, Galy et al. demonstrate
that they are also required for intestinal development. They observed that mice deficient in IRPs
suffered from weight loss and dehydration and died a few weeks after birth. Surprisingly, the
mice manifested close to normal blood and liver iron content; on the other hand, intestinal villi
were malformed, and duodenal epithelia displayed degenerated mitochondria (perhaps a sign
of diminished iron-sulfur cluster synthesis) and increased cell death, which probably contributed
to impaired water and nutrient absorption. Thus, although the absence of IRPs in the intestinal
epithelium does not acutely alter systemic iron levels, it does affect intracellular processes that
control intestinal morphogenesis and survival. — LDC

Cell Metab. 7, 79 (2008).

P H Y S I O L O G Y

DYING FOR IRON 
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RANDOMSAMPLES
E D I T E D  B Y C O N S TA N C E  H O L D E N

Body Heat
A Swedish real estate company plans to harness
the body heat generated by commuters in
Stockholm’s main railway station to warm a
nearby office building.

“This came up during coffee,” says Karl
Sundholm, the project leader. “We spent a 
couple hours doing calculations and found it
might be possible.” The company, Jernhusen AB,
already sucks unneeded heat out of the station
through giant ventilators. At a cost of €30,000,

the company says it could build a system that
uses the hot air to warm water, which would
then be pumped through pipes in a building 
it plans to construct next door. Sundholm 
estimates that the 250,000 people who pass
through the station each day could provide 
5% to 15% of the 13-story building’s heating
needs. “This is not rocket science,” says
Sundholm. “It is just one good idea.”

Rufus Ford of Sustainable Energy Action, a
London nonprofit, says trying to reuse wasted
heat is a good idea regardless of its source. 

“If it works, the project might be something
worth looking into for the London Tube,” he
says. “It is always warm down there.”

The Jaywalking Peacock
Men use risk-taking as a sort of mating display,
even when trying to catch a bus, says a study 
in this month’s
Evolutionary Psychology. 

During three chilly
winter months, a 
team led by Oxford
University psychologist
Robin Dunbar watched
524 men and 475
women wait for a 9:40
a.m. bus. Men were
more likely to cut it
close even though they
risked being stranded in
the cold by a full bus.
The researchers also observed 1000 street-
crossings at a Liverpool crosswalk. 

The men made more dangerous crossings if
women were looking, says Dunbar, which adds
to evidence that mating is never far from the
male mind. And although men who were alone
or with other men left no time to spare at bus
stops, men traveling with women conformed to
early feminine arrival times. “It shows how a
good woman civilizes the boys,” concludes
Dunbar. Male bystanders had no discernible
effect on females’ traffic or bus-stop behavior.

Daniel Fessler, an anthropologist at the
University of California, Los Angeles, says he likes
how the authors, “by studying everyday behaviors
in a natural context,” show that male risk-taking
permeates even pedestrian activities.
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Life in Crystal
An Italian research team this winter found ancient pollen sealed in the colossal crys-
tals of the Cueva de los Cristales, a cave in a lead and silver mine in northern Mexico.
The team, led by mineralogist Paolo Forti of the University of Bologna, Italy, sus-
pected that the selenite crystals, some as long as 11 meters, could contain pollen pre-
served when they formed several hundred thousand years ago. Now they have
extracted 43 pollen grains in samples from two crystals. 

The 290-meter-deep cave was discovered in 2000, but its hellish conditions—
48°C and 100% humidity—have limited exploration until recently. Scientists with
high-tech suits to cool their bodies and dry the air for breathing can now explore the
cave for up to an hour at a time.

The pollen, presumably transported into the cave by underground streams,
may help scientists reconstruct ancient climate and vegetation cover in the north-
ern region of the Chihuahua desert, says Forti. Palynologist Anna Maria Mercuri
of the University of Modena, Italy, identified the pollen as a type of oak found in
the  southern United States, which suggests that the area was humid forest. Forti’s
team is now using radiometric dating to get a definitive age for the crystals.

Science policy experts have been wringing their hands for years about the rising age at which
scientists get their first National Institutes of Health (NIH) research grant, now averaging 43.
But NIH predicts things are going to get even worse.

Mostly in their 30s and 40s in 1980, principal investigators (PIs) now cluster in a bell curve
roughly around age 48. By 2020, the curve will shift and flatten out, with a solid band of scien-
tists spread between 42 and 66 and a tail stretching well into the 70s (see graph). NIH Director
Elias Zerhouni, who had demographers and actuaries generate the projections, told his advisory
committee last month that he blames the baby boom, rising retirement age, and “cultural factors”
such as a peer-review system that favors established PIs.

“We do not have a strategic answer; we have a tactical answer,” Zerhouni said, which is to
target more awards to young investigators. Committee member Thomas Kelly, director of the
Sloan-Kettering Institute in New York City, called the projections “absolutely astounding. …
Clearly that’s going to have very long term implications for American science.”

THE INCREDIBLE AGING INVESTIGATOR
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NEWSMAKERS
EDITED BY YUDHIJIT BHATTACHARJEE

D E AT H S
OPTIMISM PERSONIFIED. Judah Folkman,
whose once-controversial idea that blocking
blood-vessel growth can choke tumors is now
widely accepted, died last week, apparently of

a heart attack, after
collapsing at Denver
International Airport.
He was 74.

Folkman, a fixture
at Children’s Hospital
Boston since the late
1960s and a professor
at Harvard Medical
School, met with skep-
ticism from many sci-
entists when he first

proposed his concept of angiogenesis. But his
persistence was legendary. In an interview with
Science 3 years ago, he emphasized that “if
something’s really important, you keep after it,
regardless of what other people think.” His
work on angiogenesis opened up a new
research field in cancer and other diseases with
blood-vessel abnormalities, such as macular
degeneration, and led to many new drugs.

Folkman had an unquenchable curiosity
and passion for discovery. “He stayed a little
kid his entire life,” says Donald Ingber, who has
worked with Folkman since joining his lab as a
postdoctoral fellow in 1984. “The idea that

DOCUMENTING DOCUMENTING. Linguists
David Harrison and Gregory Anderson of
the Living Tongues Institute for Endangered
Languages in Salem, Oregon, have trekked
to many remote corners of the world to doc-
ument dying languages. On three recent
expeditions, they let a film crew tag along
in hopes of furthering efforts to save
endangered tongues.

The result is a 70-minute documentary
that premiered at the Sundance Film Festival
last week. Produced by Ironbound Films and
partly funded by the U.S. National Science
Foundation, The Linguists follows Harrison
and Anderson as they travel to Siberia, India,
and Bolivia to locate and record the last
living speakers of three endangered lan-
guages. It captures both the drama and the
grunt work involved in the project—from
eureka moments with village elders to stom-
ach problems and negotiations with reluc-
tant governments. In one scene, for exam-
ple, Anderson (left), tutored by native speak-
ers, finally comprehends the “obscenely
complex” counting system of the Sora lan-
guage in the Indian state of Orissa. 

Working with a film crew was “a little odd
at first,” Anderson says, “but eventually,
we sort of forgot they were there.” Harrison
says the filmmakers helped open some
doors, arranging a formal presentation to
the Bolivian government to make the case
for saving the Kallawaya language. “We
wouldn’t have had that level of access with-
out them,” he says. A portion of the proceeds
from the film will go toward initiatives to
record and revitalize endangered languages. 

Got a tip for this page? E-mail people@aaas.org

On Campus
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something actually stopped him kind of takes
our breath away.”

M O V E R S
DESERT ROSE. Choon Fong Shih built his
academic reputation on understanding how
metal cracks under stress. Now the Singapore-
born, U.S.-trained materials scientist will be
addressing the fault lines in global higher
education as the founding president of King
Abdullah University of Science and
Technology, a new graduate university in
Saudi Arabia with a $10 billion endowment. 

As vice-chancellor of the National University
of Singapore, Shih has transformed a well-
regarded undergraduate institute into an Asian
research powerhouse. Ali Ibrahim Al-Naimi, the
Saudi minister of petroleum and mineral
resources and chair of the new university’s board
of trustees, hopes that Shih will repeat that per-
formance by being “a builder of bridges across
peoples, disciplines, institutions, and cultures.”

To attract faculty, Shih intends to offer
generous, guaranteed funding—”much big-
ger than the usual start-up package.” He also
plans to organize the university around mul-
tidisciplinary research topics rather than indi-
vidual departments. 

Shih, 62, begins his new job in December,
and the university—being built 80 km north of
Jeddah—will open its doors in September 2009. 

Two Cultures >>

ARM’S LENGTH. The pope’s presence is sup-
posed to bring peace and harmony. But when
the University of Rome “La Sapienza”
invited Pope Benedict XVI to mark the insti-
tution’s 705th academic year last week, fac-
ulty members and students kicked up such a
fuss that the Vatican called off the visit. 

The protests were led by 63 physicists
who objected to the pope’s views on Galileo.
They point to a 1990 speech in which the
pope—then Cardinal Ratzinger—quoted
philosopher Paul Feyerabend as saying that
the church’s 17th century persecution  of
Galileo was “reasonable and just” and that
the church had been “far more faithful to rea-

son” than had been the astronomer. Stating that these words “offend and humiliate us,” the
physicists asked the university’s rector, Renato Guarini, to cancel the “incongruous” event.
Two days before the inauguration, the Vatican announced that it had decided to cancel the visit
“given the events of the last few days.”

Italian politicians from both the left and the right have condemned the academics, causing
them to clarify their position. “The pope is free to come and visit the university at some other
time, but not at the opening of the academic year of the university, which is a secular institu-
tion,” says Carlo Cosmelli, one of the letter-writers.

http://www.sciencemag.org
mailto:people@aaas.org
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For more than 1000 years, geometrical human
figures, animals, and abstract designs have
graced the sandstone walls of Nine Mile
Canyon in central Utah. Considered one of
the premier rock art sites in North America,
the canyon holds at least 10,000 images
pecked and painted by the mysterious
Fremont and later the Ute Indians. 

Now a much-anticipated study just sub-
mitted to the U.S. Bureau of Land Manage-
ment (BLM) warns that truck traffic from
nearby oil and gas operations could be fad-
ing the splendor of the world-renowned
rock art. “The results of my study are very
alarming,” says report author Constance
Silver, an art conservator with Preservar
Inc. in Brattleboro, Vermont. 

The report, due to be released in a week or
two as part of an Environmen-
tal Impact Statement (EIS) on
expanding oil and gas opera-
tions in the canyon, is likely to
kick up a furious dust storm of
its own. BLM managers say
they are not convinced that the
current operations are causing
serious damage. “Obviously,
the dust is having an impact on
the visual clarity of the rock
art. But whether the dust is
having a [lasting] impact is
open to question,” says archae-
ologist Julie Howard of BLM
in Salt Lake City. 

Big 18-wheel rigs have
been rumbling through Nine
Mile Canyon since 2004,
when BLM gave energy com-
panies the go-ahead to drill for
natural gas higher up in the
plateau. The decision had out-
raged some archaeologists
because the art sits just adja-
cent to the canyon’s main,
coarsely graded road.

Silver’s report is the first to
study the effects of the traffic
and the dust it creates. One of

the few conservators who specializes in rock
art, she was commissioned by BLM officials
in Utah last year to assess the impacts. She
worked in the canyon last April, recording
the amount of particles in the air before and
after trucks passed by. She also collected
particulate samples in heavily traff icked
areas and in sparsely visited side canyons
(for control). She completed her report late
last year and described her results to Science
earlier this month.   

Ironically, Silver found that the chief dan-
ger comes from an effort by the Bill Barrett
Corp. and other energy companies that use the
road to suppress dust: They have repeatedly
applied magnesium chloride to the dirt road.
This salt damps dust by pulling moisture out
of the air. But Silver says the chemical is

“flying all over the place” along the edges of
the road and settling on the pictographs: “You
can see the deposition taking place” on the art. 

Magnesium chloride is “vicious stuff,”
says Silver. “It peels concrete.” Over time,
she says, the salt will corrode the rock and
damage the paintings on its surface.

But BLM managers familiar with Silver’s
study were hesitant about its conclusions.
“Nine Mile is very controversial,” says Roger
Bankert, BLM field manager in the Price,
Utah, office, who helped draft the soon-to-be-
released EIS. “There could be extremist views
on both sides. Some say there’s a lot of dam-
age, and some say there’s no damage.” Bankert
suggested that additional analyses might be in
the works. “We could have other specialists
disagree with [Silver’s report],” he said. 

The use of magnesium chloride in Nine
Mile Canyon as a dust suppressant has been
“a concern for a long time” among some
BLM staffers, says Dennis Willis, a BLM
recreational planner in the Price office; some
are also concerned that the salt is contaminat-
ing the canyon’s stream. Although Silver’s is
the first study to suggest a magnesium chlo-
ride problem in Nine Mile, existing data sug-
gest that the compound, also used as a road
deicer, is a corrosive agent. Bankert points out
that Carbon County supervises the use of the
road, and county off icials, not BLM,
approved the magnesium chloride use. 

Scientists familiar with the level of truck
traffic on the canyon road say they are not sur-
prised by Silver’s findings. “The fact that the
dust is being kicked up on the rock art panels
is apparent to anyone who goes down there,”
says Kevin Jones, Utah’s state archaeologist. 

Some experts say it is inevitable that the
dust buildup will cause damage. “Think of a
painting in your house that is placed over a
fireplace that produces soot,” says chemist
Marvin Rowe of Texas A&M University in
College Station, who works on dating rock
art. “Over time, that soot gets incorporated
into the mineral content of the painting, and it
builds a thick enough coating where it makes
the painting fade away.” 

One option might be to wash the art,
although some experts fear damage from
washing, too. Silver predicts some action
will be taken: “They’re really going to have to
do something about the road and clean up
those sites.” –KEITH KLOOR

Keith Kloor is a senior editor at Audubon Magazine. 

Dust Storm Rising Over Threat to
Famed Rock Art in Utah

ARCHAEOLOGY
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Obscured. Once-vivid rock art panels like this one of a two-headed
snake in Nine Mile Canyon (top) are shrouded by dust in 2006. 
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It’s sign of how fast horizons
are changing in biology:
Researchers who only a few
years ago were being asked to
justify the cost of sequencing a
single human genome are now
breezily offering to sequence
1000.  And they say they
can do it in a flash. Over the
next 3 years, an international
team plans to create a massive
new genome catalog that will
serve as “a gold-standard
reference set for analysis of
human variation,” says Richard
Durbin of the Sanger Institute
in Hinxton, U.K., who pro-
posed the project just last year. 

The 1000 Genomes Project, as it’s called,
will delve much deeper than the sequencing
of celebrity genomes, three of which were
completed last year. It will help fill out the
list of new genetic markers for common dis-
eases that came out in 2007, says Francis
Collins, director of the U.S. National
Human Genome Research Institute
(NHGRI) in Bethesda, Maryland. At the
same time, new technologies will be put to
the test, and researchers will work out how
to handle a growing deluge of data. Such
practical advances will be needed a few
years from now when sequencing entire
genomes will be routine, notes population
geneticist Kenneth Weiss of Pennsylvania
State University in State College, who is not
part of the project. “This seems overall like
a next logical step,” he says. 

The search for disease genes took off last
year, building on the first human genome
reference sequence in 2003 and the subse-
quent HapMap. The latter describes how
blocks of DNA tagged by common variants,
called single-nucleotide polymorphisms
(SNPs), vary in different populations. These
SNPs have turned up more than 100 new
DNA markers associated with common ill-
nesses such as diabetes and heart disease
(Science, 21 December 2007, p. 1842). But
the HapMap includes only the most com-
mon markers, those present in at least 5% of
the population. 

To find rarer SNPs that occur at 1% fre-
quency, genome leaders say, they need to
sequence about 1000 genomes. According to a
plan hammered out by about three dozen
experts last year, the project will take advan-
tage of new technologies that have slashed the
cost of sequencing. The work will be done by
the three U.S. sequencing centers funded by
NHGRI, the Sanger Institute, and the Beijing
Genomics Institute (BGI) in Shenzhen, China.

Because the technologies are so new, the
consortium will start with three pilot projects.
One will exhaustively sequence the entire
genome of six individuals: two adults and
both sets of their parents. DNA in these six
genomes will be analyzed repeatedly up to
20 times to ensure almost complete coverage.
A second project will sequence 180 individ-
ual genomes at light (2×) coverage, leaving
gaps. The third project will be to fully
sequence (20× coverage) the protein-coding
regions of 1000 genes (5% of the total) in
about 1000 genomes. The samples, all anony-
mous and with no clinical information, will
mainly be drawn from those collected for the
HapMap, which includes people of Euro-
pean, Asian, and African descent. 

The pilots should take about a year and
will put the new technologies to a “very vig-
orous test,” Collins says. After that, the con-
sortium will decide what coverage to use to
sequence the entire set of 1000 genomes.
Most of the project’s $30 million to $50 mil-

lion price tag will be paid from
the existing sequencing budg-
ets of institutes, organizers say.

The new catalog could help
disease gene hunters in several
ways. It may allow researchers
simply to hunt through an
index for a SNP in a particular
location that alters a gene
product rather than run a time-
consuming sequencing proj-
ect, Collins says. The project
will also catalog genes that
are sometimes lost or dupli-
cated; such copy-number vari-
ants can cause disease. By
compiling rarer variants, it
should also help resolve a

debate about the relative contribution of these
mutations to disease risks. “There’s no ques-
tion it’s going to be a tremendous resource,”
says Yale University’s Judy Cho, who has
used the HapMap to f ind a new gene for
Crohn’s disease. 

China is also launching its own human
genomes project. BGI Shenzhen this month
announced that it is seeking 99 volunteers
who will help pay to have their genomes
sequenced as part of a study of diversity
(Science, 26 October 2007, p. 553). The 3-year
effort, called the Yanhuang Project after the
Yan and Huang tribes that are believed to be
ancestors of modern Chinese, will overlap
with the 1000 Genomes Project. With
proper consent, some volunteers’ genomes
will be sequenced for both efforts, says
Wang Jun, director of BGI Hangzhou. 

In a parallel effort, J. Craig Venter of the
J. Craig Venter Institute in Rockville,
Maryland, says his team will sequence up to
10 individuals this year and publish the data
along with medical information. Venter—
who dismisses the 1000 Genomes Project
as “more survey work” because not all
genomes will be sequenced to great depth—
has even bolder plans. He says he aims for
“complete diploid genome sequencing” of
10,000 human genomes in the next decade.
Still, he says, “it’s great that there’s such an
expansion of things.”              –JOCELYN KAISER
With reporting by Hao Xin.

A Plan to Capture Human Diversity in 1000 Genomes
DNA SEQUENCING

More is better. Researchers aim to acquire DNA data from 1000 individuals.

Pilot project Focus Coverage
6 deep genomes 2 parent/child trios 20x
180 light genomes 3 geographic areas   2x
1000 partial genomes 5% of coding regions  20x

TARGETING 1000 GENOMES

http://www.sciencemag.org
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International university rankings tend to give
German schools an inferiority complex. In
the latest worldwide assessment from Shang-
hai Jiao Tong University in China, no German
university made it into the top 50. The govern-
ment hopes to change that, pouring €1.9 bil-
lion ($2.8 billion) into an
Excellence Initiative that is
supposed to boost a few
schools to world-class status
(Science, 20 October 2006,
p. 400). But this month, a
group of respected researchers
charged in a newspaper article
that the problem isn’t money,
it’s the country’s Max Planck
Society, which plucks many
of the country’s leading
researchers out of universities
into its own institutes. The mis-
sive has sparked a discussion
in the press and the research
community about how the
country can best burnish its
international reputation.

In an article headlined “The Unsolved
Max Planck Problem,” nine scientists, includ-
ing Nobel laureate Günter Blobel of Rocke-
feller University in New York City, said that
the Excellence Initiative is hopeless as long as
the country’s Max Planck Society skims off
all the top talent. The scientists, writing in the
8 January Frankfurter Allgemeine Zeitung,
said that Germany’s two-tiered research sys-
tem not only lures the best brains away from
universities but also leads to a mismatch
between the most promising graduate stu-
dents and the best labs. They say the society’s
institutes should be merged into nearby uni-
versities, and its researchers should become
professors with all the attendant privileges
and responsibilities. 

With its annual budget of €1.4 billion
($2.1 billion), the Max Planck Society funds
80 institutes, each focusing on a specific area
in the natural or social sciences. Some insti-
tutes have just two directors—the position
equivalent to a full professor—whereas the
biggest has 10. Most are located in cities that
have universities, and many do cooperate
closely with local colleagues. Graduate stu-
dents working in Max Planck labs, for exam-
ple, must be enrolled in a partner university,
from which they receive their degree. But too
often, says Widmar Tanner, a biologist at the
University of Regensburg who initiated the
article, Max Planck Institutes and universities

are in direct competition. “The elite univer-
sity programs cannot work as long as you
have this competitive structure called the Max
Planck,” he says.

The training of Germany’s young talent
also suffers, say Tanner and his co-authors.

Although some Max Planck researchers do
teach, their contact with students is less than
a university professor would have. That
leads to a disconnect between the most
promising young researchers and top men-
tors, the authors charge. The problem is
exacerbated, they say, because Germany has
no standardized test like the American Grad-
uate Record Examination, so graduate stu-
dents are largely recruited through personal
contacts. Without the personal contacts,
Max Planck researchers are at a disadvan-
tage when hiring. Max Planck labs “get very
good postdocs, but the young, fresh graduate
students? At best average,” Tanner says.

The solution, the authors say, would be to
integrate Max Planck institutes into their
local universities, adopting a system more
like that of the Howard Hughes Medical Insti-
tute in Chevy Chase, Maryland, where
selected researchers receive extra funding but
remain employed by their host university—
and lend it their renown. Such ideas have been
proposed before, the authors acknowledge.
They even quote Nobel laureate Max
Delbrück criticizing the Max Planck’s fore-
runner, the Kaiser Wilhelm Society, “because
it takes the best people out of teaching and
impoverishes contact with students.” Even so,
Tanner says, criticism of the Max Planck
today “is taboo” in German political circles.
“We wanted to start a discussion,” he says.

The authors “may have good intentions,
but [their proposal] is not the solution,” says
Max Planck President Peter Gruss. The num-
bers just don’t add up, he says. The society’s
260 directors “will not suffice to change the
university system,” and the society’s entire

budget is less than that of Stan-
ford University—often cited in
Germany as the kind of elite
school the country lacks. 

“Those who desire inte-
gration do not comprehend
the concept of a Max Planck
institute,” Gruss says. The
society’s purpose is to be flex-
ible enough to fund cutting-
edge research across all
f ields, and its institutes are
ultimately temporary. “When
I was a student studying virol-
ogy, Max Planck closed a
virology institute in Tübingen
and opened one in developmen-
tal biology. Thank God we
did, because we got Christiane

Nüsslein-Volhard to work there.” In 1995,
Nüsslein-Volhard won the Nobel Prize in
physiology or medicine. “We try to get the
best person in a given field. If we don’t get
the best person, we change direction and
find a new field.” A university does not have
the same freedom to drop old fields and pick
up new ones, he says. Merging Max Planck
into universities would “remove a success-
ful system that by any measure is in the top
tier of institutes worldwide.”  

Gruss and others point out that the Excel-
lence Initiative has encouraged new coopera-
tion between universities and Max Planck.
Most of the schools that won funding in the
nationwide competition did so by developing
so-called Centers of Excellence or Graduate
Colleges that bring together researchers from
the university and a neighboring Max Planck
institute. The programs “have broken down
the alleged divisions and led to many close
collaborations that play on the strengths of
both partners,” says Matthias Kleiner, presi-
dent of Germany’s main funder of research
grants, the DFG. 

German universities that want to make
themselves world-class can learn from
another of Max Planck’s key strengths, Gruss
says: “What you need to do is to give some
people more and take it from others. The uni-
versities over the last decades were not pre-
pared to do that.”   –GRETCHEN VOGEL

Max Planck Accused of Hobbling Universities
GERMANY

Brain drain? Some researchers say
Germany’s Max Planck Society leaves

universities without top talent. 
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Election ‘08 Moves Online 
Scientific groups are working hard to bring
their issues before the U.S. presidential candi-
dates. Going live last week was sciencecures.org,
funded by the Federation of American Soci-
eties for Experimental Biology, which offers
letter-writing tools and advocacy materials.
Also this month, AAAS (which publishes
Science) launched election2008.aaas.org,
which examines where the candidates stand.
Then there’s the richly sourced Science,
Health And Related Policies (sharp.sefora.org)
Network, from Scientists and Engineers for
America, with links to voting records and a
wiki for readers to contribute.

Meanwhile, a campaign by science jour-
nalists and academics for presidential science
debates has picked up the endorsement of the
chair of the House Science Committee, Repre-
sentative Bart Gordon (D–TN). But David
Goldston, former chief of staff to Gordon’s
predecessor as committee chair, Representa-
tive Sherwood Boehlert (R–NY), worries that a
debate could “politicize” the issues and even
prompt some candidates to oppose more
funding for research. –ELI KINTISCH

Judge Modifies Sonar Ruling 
A U.S. judge has decided that silence is not
golden for marine mammals. Last week,
District Judge Florence-Marie Cooper tem-
porarily suspended some restrictions she had
placed on the Navy’s use of mid-frequency
active (MFA) sonar, continuing the legal battle
over a series of antisubmarine warfare exer-
cises off the southern California coast.

Cooper acted 2 days after the Bush Adminis-
tration granted the Navy waivers from two envi-
ronmental laws covered under her 3 January
ruling. MFA sonar has been linked to strandings
of marine mammals, and environmental groups
brought suit last March to force the Navy to
limit its use in the exercises. Cooper’s most
recent ruling suspended her previous order that
the Navy maintain a 2000-meter marine mam-
mal “safe zone” around sonar sources and
restrict the system’s power under certain condi-
tions. Other restrictions remain intact, however,
including a 22-kilometer-wide no-sonar zone
along the California coast.

The latest development is “a step back-
ward,” says Linda Weilgart, a bioacoustician at
Dalhousie University in Halifax, Canada, who
gave expert testimony in the case. Cooper her-
self had called the Navy’s own plans, which are
similar to what the waivers allow, “grossly
inadequate.” More briefs are due this week,
and whichever side loses the next ruling is
expected to appeal.            –BENJAMIN LESTER

SCIENCESCOPE

RENNES, FRANCE—If imitation is the sincerest
form of flattery, schools of public health in
Britain and the United States should feel
pleased. France has just created a new insti-
tute, the first of its kind in France, that takes
its inspiration from the Harvard School of
Public Health, the London School of Hygiene
and Tropical Medicine, and other famous
Anglo-Saxon institutes. Its goal: to give
France, currently a bit of a laggard in public
health research and education, an institute
that can compete with the world’s best.

The new French School of Advanced
Studies in Public Health (EHESP) holds some
trump cards: strong political backing, a new
master’s degree in English to lure anglophone
students and teachers, and a dream location in
the heart of Paris, next to the Notre Dame
cathedral. But some experts
say making it a success remains
an uphill climb.

Many countries in conti-
nental Europe don’t have a
tradition of public health
schools separate from the fac-
ulty of medicine. In contrast,
there are 40 in the United
States. Public health expert-
ise is particularly scattered in
France, says Jacques Bury, a
former director of the Associ-
ation of Schools of Public
Health in the European
Region who now works for a
private consulting company
in Geneva, Switzerland. 

To address that situation,
France passed a public health
law in 2004 that ordered
EHESP into existence. It doesn’t
start from scratch, however.
Officially opened this month, the school is an
evolution of the National School of Public
Health, an “école d’administration” with a
€57 million annual budget, in Rennes,
400 kilometers west of Paris. For the past
45 years, it has trained managers and inspec-
tors for France’s state-run health care system.
The new school—the law gives it the status of
a university—will continue that mission but
add master’s and Ph.D. programs and dramati-
cally expand its research in areas such as epi-
demiology, information sciences, and health
care management, says EHESP dean Antoine
Flahault. The existing school, whose research

focuses on environmental health and social
sciences, will morph into two of EHESP’s
five departments.

New construction is planned for the
Rennes campus to accommodate those
plans. In addition, Flahault has convinced
the city of Paris to give EHESP an entire
floor in the Hôtel-Dieu, a legendary hospital
that occupies “one of the 10 best addresses
in the world,” says Flahault. Putting the mas-
ter’s program there should help lure top
talent, he says.

Flahault, 47, an expert in infectious dis-
ease modeling at Pierre and Marie Curie Uni-
versity in Paris, is an unabashed admirer of
the Anglo-Saxon schools. He plans to apply
for accreditation from the U.S. Council
on Education for Public Health in Wash-

ington, D.C., which
so far has accredited
only one non-U.S.
school. That would be
a way to assure that
EHESP is doing its
job well, and it might
help persuade U.S.
students and staff
to come to France,
he says. 

Making the school
compete in research at
the international level
will be a challenge,
however, says Yves
Charpak, a former
policy officer at the
World Health Organi-
zation who now heads
international affairs
at the Pasteur Institute
in Paris. EHESP does

not have a big purse to recruit outsiders; the
government, which strongly supports the
school, has promised Flahault 12 new profes-
sorships, but to become a true science power-
house, EHESP will need to draw in research
teams from universities and institutes such as
the biomedical research agency INSERM,
which have their own agendas.

But Flahault is optimistic that the new
school will become a magnet. And he hopes
to tap other sources of money as well, such as
endowed professorships—yet another Anglo-
Saxon idea that he plans to copy.

–MARTIN ENSERINK

France Launches Public Health 
School à l’Anglo-Saxonne

EDUCATION

Grand ambitions. Dean Antoine Flahault
wants the new public health school to
compete with the world’s best.
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Few would argue with Steven Beering, chair of the oversight board for the U.S. National Sci-
ence Foundation, when he asserts that NSF’s biennial Science and Engineering Indicators
represents “the most authoritative source of information on international trends in science
and technology.” The data-packed, two-volume 2008 report issued last week
(www.nsf.gov/statistics/seind08/) would be just the place to go if the makers of Trivial Pur-
suit come out with a special science policy edition. But it’s also a good source for politicians
and lobbyists as they debate everything from training the next generation of scientists to the
trade balance in high-tech manufactured products.

Drawing on the myriad studies, surveys, and analyses that make up this year’s Indicators,
Science offers a few facts that, given the tenor of those debates so far, may come as a surprise
to readers. –JEFFREY MERVIS

Got Data Questions? NSF’s Indicators
Has (Most of) the Answers

SCIENCE STATISTICS
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Riding the Tenure Track

Bouncing back. NSF’s survey of doctoral recipients
finds that scientists who earned their Ph.D.s 4 to 6 years
earlier are having more success in obtaining tenure
and tenure-track positions. 

Are tenure-track academic positions really
an impossible dream for newly minted U.S.
science and engineering (S&E) Ph.D.s.? 
Indicators notes that “in recent years, the propor-
tion of all recent doctoral recipients who are
in tenure-track academic jobs has increased”
(fig. 3-33; see graph). What’s more, the share of
recent Ph.D.s in mathematics and computer sci-
ence holding tenure-track posts has rebounded
sharply since a dip in 2001. (Overall, 26% of S&E
Ph.D.s were in tenure-track positions 4 to 6 years
after receiving their doctorates.)

Are today’s U.S. college stu-
dents really less interested in
S&E than previous generations? 
In fact, the percentage of first-year
students who say they intend to major
in S&E fields has remained constant
for the past 2 decades (appendix
table 2-15). And overall, that interest
doesn’t flag during college: The per-
centage of degrees awarded in S&E
fields is slightly higher than the per-
centage of students declaring their
interest as freshmen. That’s because
the number of students entering S&E
programs more than offsets those
who leave for other fields (table 2-6;
see graph). 

Are more and more foreign-born graduate
students really heading home after receiv-
ing their U.S. doctoral degrees? 
In reality, “stay rates” for this large and desirable
pool of talent are rising (fig. 3-65; see graph)
despite the global expansion of the scientific work
force. For example, close to 90% of the Chinese-
and Indian-born students who earned their Ph.D.s
in 2000 were still in the United States in 2005.

SOME THINGS WE KNOW
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Major decisions. A majority of first-year U.S. undergraduates declaring S&E majors in 1995 stuck with it
through graduation, according to a study that followed that cohort. The relative balance varies greatly by field:
the agricultural and biological sciences are the most fluid and the physical sciences the least. Significantly, the
numbers of those who shifted into non-S&E fields were more than offset by those entering S&E fields.    
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Global citizens. Those with temporary visas are increasingly likely to remain in the United States 5 years
after earning their S&E Ph.D.s, according to Michael Finn of Oak Ridge Institute for Science and Education.
The already high rates for Chinese- and Indian-born students have risen during the past 2 decades.
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Bearing Down on Oil Drilling 
A leading Democratic legislator wants the
U.S. Department of the Interior (DOI) to delay
the sale of drilling rights in polar bear habitat
until its Fish and Wildlife Service (FWS)
decides whether to add the species to its
endangered species list. Last year, FWS pro-
posed listing the polar bear within 12 months,
because rising temperatures are melting the
sea ice it uses for habitat (Science, 5 January
2007, p. 25). After the agency said earlier this
month that it couldn’t meet the statutory
deadline, environmentalists sued. Meanwhile,
DOI’s Minerals Management Service plans on
6 February to auction the rights to drill in
prime polar bear habitat in Alaska’s Chukchi
Sea. Legislation proposed last week by Repre-
sentative Edward Markey (D–MA), chair of the
Select Committee on Energy Independence
and Global Warming, is meant to let DOI know
“how serious the chairman is,” says an aide. 

–ERIK STOKSTAD

Hubble Trouble 
Space shuttle delays could postpone the
August mission devoted to repairing and
upgrading the Hubble Space Telescope, NASA
science chief S. Alan Stern warned last week.
Technical problems last month forced the
space agency to delay launch of the orbiter
carrying the European Space Agency’s Colum-
bus module to the international space station
until early February. That has backed up other
space station assembly missions, including
the three required to put Japan’s module in
orbit. An extended hold on Hubble repairs
worries project managers, who note that some
of the telescope’s aging systems are on their
last legs. NASA has promised to retire the
shuttles and complete the station by 2010. 

–ANDREW LAWLER

China Reaches Dome A 
BEIJING—A 17-person team led by the Polar
Research Institute of China last week struck
camp at the highest bulge on the East Antarctic
Ice Sheet in search of the best astronomical
viewing on Earth. The team is installing an
automated suite of instruments to measure
atmospheric turbulence, moisture, and other
parameters and is setting up four 14.5-
centimeter optical telescopes that will start
snapping images after night falls in March.
“Everything is going smoothly,” says Cui
Xiangqun, an astronomer at the Nanjing Insti-
tute of Astronomical Optics and Technology,
which built the telescopes. China hopes to have
a year-round base at Dome A up and running
by 2010. –RICHARD STONE

SCIENCESCOPE

WHAT WE DON’T KNOW
For the first time, the National Science Foundation staff that compiles and writes Indicators con-
fessed in print that there are lots of questions about the state of the S&E enterprise that its author-
itative tome doesn’t answer. The main reason, says Rolf Lehming, who oversees the volume, is that
the data just don’t exist or aren’t reliable. “Collecting high-quality data can be exceedingly expen-
sive, and governments cannot afford to collect all they could use productively,” he writes.

Some topics for which data are lacking:
•Education and training: Informal learning experiences, from online courses to zoos; how math

and science teachers are trained and their career paths; how to track emerging fields and multi-
disciplinary programs; how to compare curricula around the world;

•Across the labor force: The global flow of S&E workers; lifelong learning and employer
training programs;

•R&D trends: The characteristics of research-intensive businesses; research outside academia,
the federal government, and large companies; the outsourcing and offshoring of S&E jobs.

Are developing economies exceptional in
cranking up their output of S&E graduates? 
China’s remarkable expansion of its higher edu-
cation system has captured the most attention,
and its sixfold increase in the number of under-
graduate natural science and engineering (NS&E)
degrees in the past 20 years is indeed a shocker
(fig. 2-35; see graph). But South Korea and the
United Kingdom have both nearly tripled their
yearly output of first university NS&E degrees
since 1985. And even in the United States, with
the largest supply, the number of NS&E bache-
lor’s degrees has grown by 31%. (Significantly,
that pool is almost entirely domestic. Students on
temporary visas receive only 4% of U.S. S&E
bachelor’s degrees.) At the same time, experts
have raised questions about how China’s rapid
expansion has affected the quality of the educa-
tion being offered, an issue that is much harder to
quantify (Science, 11 January, p. 148).

Does Albert Einstein really represent
the quintessential scientist to the aver-
age adult? 
Although the patent clerk from Bern may be the
most recognizable face in the world of science, two
recent surveys (table 7-12, fig. 7-13; see graph)
found that people think physicians, not physicists,
are in the “most scientific” field of study. Medicine
was the clear favorite among both Europeans and
Americans, well ahead of its companion field of
biology and also outdistancing physics and engi-
neering. The social sciences trail the pack, with
Europeans naming history as the least scientific
among five fields and Americans ranking it behind
accounting in an eight-field race.
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The naturals. The natural sciences—biology; mathe-
matics; and earth, ocean, agricultural, computer, and
physical sciences—are still popular majors for under-
graduates around the world, with China poised to
overtake the United States in the absolute number of
degrees awarded.
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Call a doctor. Americans and Europeans, in separate surveys covering similar disciplines, agree that
medicine is the “most scientific” of fields. (Europeans were not asked about engineering, accounting, or
sociology; Americans ranked the latter two sixth and last, respectively, among eight disciplines.)
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In a field in which bigger is usually better,
what can you hope to achieve with a new
experiment that’s only a quarter as large as its
well-established rival? Plenty, say 117 physi-
cists mainly from Japan and the United States
who have just started taking data with a cos-
mic ray observatory that covers 730 square
kilometers of western Utah.

Dubbed Telescope Array, the observa-
tory aims to spot the most energetic sub-
atomic particles from space. Such ultra-
high-energy cosmic rays pack as much
energy as a golf ball hitting a fairway, and
they strike Earth at a rate of 1 per century
per square kilometer. Interest in
them grew 10 years ago, when
Japanese physicists reported an
odd excess of the highest energy
rays. It surged last year, when the
gargantuan Pierre Auger Obser-
vatory in Argentina traced the
rays to certain galaxies (Science,
9 November 2007, p. 896).

Telescope Array aims to test
the Auger result and to decipher
the nature of the rays. It enters the
fray as an underdog: Although it’s
bigger than the city of Chicago,
it’s only a quarter the size of
Auger, which has been taking
data since 2004. But team mem-
bers say Telescope Array has key
technological advantages, and
others say it may be better for pur-
suing certain questions. “This is a
very important experiment,” says
Veniamin Berezinsky, a theorist
at Gran Sasso National Labora-
tory in Assergi, Italy.

The Telescope Array collabo-
ration formed when two rival
groups merged. Physicists meas-
ure the energies of cosmic rays in exa–electron
volts, and in 1998, researchers with the Akeno
Giant Air Shower Array (AGASA) near
Tokyo reported seven rays with energies
above 100 EeV. By 2002, they saw 11. That
was about 10 times more than expected; if the
rays were protons, then on average, inter-
actions with the cosmic microwave background
should have sapped their energy to 60 EeV
before they had traveled 200 light-years.

Some theorists took the excess as evidence
that the rays were born in decays of exotic par-
ticles lingering nearby. But physicists with the
High Resolution Fly’s Eye (HiRes) detector in
Dugway, Utah, argued that there was no

excess: They saw only two such rays. The
HiRes and AGASA groups studied the rays
using different techniques, however. So to
resolve the discrepancy, they eventually
decided to build an array that would use both.

When a cosmic ray strikes the atmosphere,
it sets off an avalanche of particles called an
extensive air shower. AGASA sampled the
shower using 111 particle detectors spread
over 100 square kilometers. The shower also
causes the air to fluoresce, and HiRes studied
that light using twin batteries of telescopes.
Telescope Array comprises 503 particle
detectors and 38 telescopes in three batteries.

Japan put up $13 million for the $16 million
array, but researchers never considered con-
structing it there. “Building a fluorescence
detector in Japan is impossible,” says Masaki
Fukushima of the University of Tokyo.
“Because of the humidity, the transparency of
the air is very limited.” The project got its
inapposite name because the Japanese had
previously proposed an array of 10 telescopes
with no particle detectors. “Once you propose
something you don’t change the name,
because no one will know what you’re talking
about,” says Pierre Sokolsky of the University
of Utah, Salt Lake City. “So even though it
makes no sense, the name stuck.”

Because it’s bigger, Auger will see more of
the rare rays above 60 EeV. So Sokolsky plans
to focus on lower energies and especially on a
kink in the spectrum of rays near 4 EeV that
might mark the point at which rays from
within our galaxy peter out and those from
beyond take over. The team has proposed a
“low-energy extension” of 100 more-tightly-
spaced detectors and two more telescope
stations to measure showers with between
0.03 EeV and 10 EeV. “For this, the Telescope
Array and especially the low-energy extension
is an excellent instrument,” Gran Sasso’s
Berezinsky says. Auger should have similar

additions in place in 2009.
In contrast, Fukushima hopes

to pursue the highest energy rays.
Many physicists now doubt the
excess reported by AGASA, as
neither HiRes nor Auger has
seen it (Science, 13 July 2007,
p. 178). Still, Fukushima and his
Japanese colleagues hope to
probe the discrepancy between
AGASA and HiRes.

Telescope Array will also meas-
ure a ray’s energy more precisely
than Auger can, Fukushima says.

Auger comprises four
telescope batteries
and nearly 1500 par-
ticle detectors. But
Auger’s detectors
are of tanks of
water, which pro-
duces light called
Cherenkov radia-
tion when a parti-
cle zips through
it at near-light

speed. Telescope Array’s detectors
are sheets of plastic scintillator that emit
light through another mechanism. “Defi-
nitely we are measuring the cosmic rays in a
different way and with better energy resolu-
tion,” Fukushima says.

Ultimately, Auger and Telescope Array
may be forced to work together. The Tele-
scope Array team hopes someday to expand
its observatory, and the Auger team plans to
build a far-bigger array in Colorado in a few
years. The two arrays could end up being
combined, Sokolsky says. “Whatever we
scientists might think about it, that’s going
to be imposed on us by the funding agen-
cies,” he predicts. For now, however, the
competition is on.                       –ADRIAN CHO

“Little” Cosmic Ray Observatory Aims to Make a Big Mark
ASTROPHYSICS
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On the range. Spaced 1.2 kilometers
apart, Telescope Array’s particle detectors
stretch across the scrub. Its telescopes
(inset) perch on nearby hilltops.
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Surprise has followed sur-
prise for cosmochemists
analyzing the dust sample
that the Stardust spacecraft
returned from comet Wild 2 in
January 2006. First, they
found tiny flecks of once-
molten minerals—material
very different from the raw, pri-
mordial dust they expected
t o  s e e .  S u c h  u n a l t e r e d,
so-called presolar material
was the prime ingredient of
the rocky planets and was
thought to abound in icy comets. But on
page 447, researchers report that they have
failed to find a single speck of it.

“For those of us who study presolar mate-
rials, it’s turned out to be a bit of a bust,” says
cosmochemist Larry R. Nittler of the
Carnegie Institution of Washington’s
Department of Terrestrial Magnetism in
Washington, D.C. “Wild 2 seems more
related to asteroids than comets,” because all
asteroids were altered from the solar sys-
tem’s primitive starting materials. Still, “the
mission’s been a huge success,” says John
Bradley of Lawrence Livermore National
Laboratory (LLNL) in California,  a
co-author of the Science paper. “It’s chang-
ing the way we think about comets.”

Before Stardust’s return, cosmochemists
thought of comets as vaults where the primi-
tive ingredients of the planetary recipe had
been locked up. Their best look at the likely
ingredients list came from the study of cer-

tain meteoritic particles collected in Earth’s
stratosphere by retired spy planes. Because
of their exotic isotopic composition, these
particular interplanetary dust particles
(IDPs) looked as though they might be
comet dust. Presumably, such primitive dust
fell into the cold, outer reaches of the nebula
that gave rise to the planets and combined
with nebular ices to form comets, in which
the dust has been preserved ever since.

One of the unaltered components of
cometlike IDPs was so-called GEMS (glass
with embedded metal and sulfides). And
early analyses of particles captured near
Wild 2 by Stardust tantalizingly revealed
GEMS-like particles. But cosmochemist
Hope Ishii of LLNL and her colleagues
report in this issue that the GEMS-like parti-
cles in Stardust samples were actually forged
as Wild 2 dust particles plowed into the
wispy glass of the Stardust sample collector
at a blistering 22,000 kilometers per hour.

The researchers made some themselves by
shooting mineral particles into collector
material at Stardust velocities. Stardust prin-

cipal investigator Donald
Brownlee of the University of
Washington, Seattle, does
allow that any true GEMS—
which tend to be submicrome-
ter in size—might have been
lost on impact with the Star-
dust sample collector.

Ishii’s group also found
only one microscopic “whisker”
of the mineral enstatite. Such
threadlike crystals are com-
mon in primitive, cometlike
IDPs, but the lone Stardust
f ind has the wrong orienta-

tion to have come from a comet. And what
little organic matter could be found in the
Stardust sample has a much lower deu-
terium-hydrogen ratio than the organic mat-
ter of cometlike IDPs.

All in all, “it’s looking as if Wild 2 is
more like an asteroid than a primitive
comet,” says Ishii. Brownlee agrees. Rather
than preserving the original ingredients of
planets, comets—or at least Wild 2—seem
to be loaded with materials first altered by
the great heat near the young sun, he says.
Then those altered materials must have been
carried outward to the outer reaches of the
nebula, where comets incorporated them. “I
would say a large fraction of the [outermost]
nebular materials were probably transported
there” from much nearer the sun, Brownlee
says, “which is pretty amazing.” Now, no
one is at all sure where the solar system’s
lingering primitive materials might reside.

–RICHARD A. KERR

Where Has All the Stardust Gone?
GEOCHEMISTRY

An unfortunate match. Globs of mineral-riddled glass (left) from a comet sample were
created during sample collection, as replicated in the lab (right).

Dutch Universities Split Over Nobel Laureate’s Rehabilitation
AMSTERDAM, THE NETHERLANDS—Allega-
tions that the late Dutch physicist Peter Debye
was cozy with the Nazis before and during
World War II have produced a split decision
among schools who once honored him. Fol-
lowing the advice of an independent commit-
tee, Utrecht University last week exonerated
the Nobelist by restoring the name of its
Debye Institute for NanoMaterials Science.
But Maastricht University, in Debye’s home-
town, rejected the advice and removed his
name from a scientific prize permanently.

Both universities dropped Debye’s name
after a book and a magazine article by journal-
ist and science historian Sybe Rispens charged
that Debye had “dirty hands” during and after

his 1934–1939 stint as director of the Kaiser
Wilhelm Institute for Physics in Berlin. Debye
asked Jewish members of the German Physi-
cal Society to step down in a 1938 letter, for
instance. Although not disputing the letter,
Debye’s defenders said he was neither an anti-
Semite nor a Nazi sympathizer but an apoliti-
cal figure mainly interested in science (Science,
30 June 2006, p. 1858).

In November, a 200-page study by
Martijn Eickhoff of the Netherlands Insti-
tute for War Documentation, which called
Rispens’s portrayal of Debye a “caricature,”
offered a nuanced picture of the scientist. It
said Debye had a “survival mechanism of
ambiguity.” Based on that report, a commit-

tee set up by the two universities and chaired
by physicist and politician Jan Terlouw
concluded on 17 January that there’s “no
evidence of bad faith” on Debye’s behalf,
and that the institutes should reinstate his
name. But in a statement, Maastricht Uni-
versity insisted that Debye’s role remains
“irreconcilable” with an award.

To Mark Walker, a historian at Union Col-
lege in Schenectady, New York, who special-
izes in science in the Nazi era, that is an unsat-
isfactory ending. “I think the whole affair is
unfair to Debye’s memory,” he says. “He
acted according to his standards. They
weren’t the standards of a hero, but they
weren’t that bad.” –MARTIN ENSERINK

HISTORY OF SCIENCE
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THE DINOSAURS HAD THEIR CRETACEOUS 
period and the reptiles their Jurassic, but for
200 years now, humans have not agreed on
what period of geologic time we are living in.
It could be the Neogene period. On many geo-
logic time scale charts, the Neogene runs
from 23 million years ago to the present. Or it
could be the Quaternary. “The Quaternary is
the most important interval of geologic his-
tory,” says John Clague, former president of
the International Union for Quaternary
Research (INQUA). On some charts, the
Quaternary spans the last couple of million
years of time, including when humans took
up tools and the world began slipping into icy
climatic gyrations.

Depending on the time scale considered,
the Quaternary sometimes takes a
position of pride following the
Neogene period. But other times
it’s relegated to sideshow status,
and sometimes it’s even absent
entirely. Indeed, in recent years,
the International Commission on
Stratigraphy (ICS) “abolished”
the Quaternary, according to riled
quaternarists. “They tried to sup-
press it while no one was looking,”
says Philip Gibbard of the Univer-
sity of Cambridge in the U.K.
“They nearly got away with it,
[but] we were not going to have it.”
The Quaternary “is a manifesta-
tion of our community,” adds
Clague. “We don’t want anyone
denigrating that.”

Now these geoscientists are
heading for a showdown over the
Quaternary. At the next quadren-

nial International Geological Congress this
August in Oslo, Norway, the community will
consider an ICS proposal that would enshrine
the Quaternary as a full-fledged period encom-
passing 2.6 million years expropriated from
the young end of the Neogene. But there are
rules for dividing up time, notes marine geolo-
gist William Berggren of Rutgers University in
Piscataway, New Jersey—rules that yield a
consistent and therefore useful common lan-
guage among geologists. And the quaternarists
aren’t following them, he says. “This is not
going to happen.”

A matter of time …
Geologists have divvied up time for the
sheer convenience of it ever since the late

18th century, when they began to realize just
how much of it there was, but the formal
rules for dividing the geologic time scale
started emerging only in the mid–20th cen-
tury. Most fundamentally, the divisions
must be hierarchical—a whole number of
the smallest units of time constitute a single
unit at the next higher level, and so on. And
the boundaries between units must be rec-
ognizable worldwide, not just at a few spe-
cial places. Conflicts between such modern
rules and divisions that evolved over cen-
turies linger into the early 21st century.

The Quaternary came into usage 2 cen-
turies ago as the most recent of four divisions

of the fossil record of life: the Pri-
mary, Secondary, Tertiary, and
Quaternary. Geologists generally
used Quaternary to refer to the
loose soil and sediment moved
around by the glaciers of the ice
ages. That sediment held a dis-
tinctive set of fossils, living repre-
sentatives of which are still com-
mon. But, Primary and Sec-
ondary fell out of use long ago,
supplanted by other names. In
recent decades, ICS—with the
consent of the International
Union of Geological Sciences
(IUGS), the world’s ruling body
on such matters—dropped the
Tertiary as well. Now, the Quater-
nary name “doesn’t make any
sense,” concedes Norman Catto
of Memorial  University of
Newfoundland in St. John’s and
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A Time War Over 
The Period We Live In
Like astronomers battling over the status of Pluto, geoscientists
are revving up to settle the fate of the interval of time known as
the Quaternary, as well as the status, some feel, of an entire field
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editor-in-chief of Quaternary International.
“It’s the fourth division of a system in which the
other three divisions have been thrown out.”

The Quaternary may be a lingering anachro-
nism, but “the name is less important than the
concept,” says Catto. “We have the strong
[early] human element involved. That sets it
apart. And it’s defined as a time of glaciation.”
Indeed, many INQUA researchers are, strictly
speaking, not geologists but anthropologists,
climatologists, glaciologists, or paleoecologists,
he says, specialists who are not attuned to the
niceties of the modern geologic time scale.

Even as the term “Quaternary” was coming
into use, however, another, slightly different
interval of time with a different name was also
becoming identified with the ice ages. In 1839,
a founder of modern geology,
Charles Lyell, dubbed what turned
out to be the past 1.8 million years
the Pleistocene (“most recent”). He
defined the interval on the basis of
a distinctive set of fossil mollusks;
many of those species are still
around today.

But unlike the Quaternary,
Lyell’s Pleistocene eventually
became firmly incorporated in the
emerging, official geologic time
scale. In 1983, after 35 years of
dickering in the community, a joint
INQUA-ICS working group
defined the beginning of the Pleis-
tocene as that point in an outcrop of
marine sediment at Vrica in south-
ern Italy where several species of
microfossils make their first or last
appearance in the geologic record. Earth’s mag-
netic field flipped about then, too; the reversal
is recorded in the sediments around the world.
The community drove the “golden spike,” as
the marker of a geologic boundary is called, at
Vrica because its fossil transitions could be rec-
ognized far beyond Italy. Geologists working
around the world could tell just where in the
geologic record they were.

… or perspective
For the next decade or two, the Quaternary
languished in the shadow of the Pleistocene.
IUGS had ratified the golden spike at the
beginning of the Pleistocene “isolated from
other more or less related problems, such as …
the status of the Quaternary,” as the formal
IUGS announcement put it in 1985. And
INQUA “was sleeping” through the 1990s,
says Gibbard. He would soon change that.

In December 2001, Gibbard heard that a

major scientif ic publication then in the
works—A Geologic Time Scale 2004 ,
600 pages long, with 40 contributors, and
co-sponsored by ICS—would give the Qua-
ternary short shrift. In the book’s accompa-
nying wall chart, the Neogene period and its
youngest subdivision—the Pleistocene
epoch—reigned supreme. The Quaternary
made just one appearance, on a separate plot
of the comings and goings of the ice ages. It
lost out because “partly to our surprise, it
had no official rank [in the hierarchy] or
length,” says James Ogg of Purdue Univer-
sity in West Lafayette, Indiana, who pre-
pared the chart with Felix Gradstein of the
University of Oslo, Norway.

Although the time scale had no official
scientif ic standing, Gibbard sprang into
action. At his instigation, “INQUA said to
IUGS we weren’t going to take it from ICS,”

Gibbard says. “ICS were told in no uncertain
terms by IUGS they couldn’t ignore the
Quaternary community.” In response to the
fracas, IUGS President Zhang Hongren of
Beijing withheld IUGS’s 2007 funding for
ICS until ICS properly addressed the Qua-
ternary problem.

And address the problem it did. “Now I
think we’ve reached a pretty good compro-
mise,” Ogg says. “We hope so.” The proposal
gives the last 2.6 million years of the Neogene
to an official Quaternary period, beginning
about when world ocean circulation shifted and
climate swings intensified in a cooling world.
“We won a battle,” says Clague. “It goes
beyond a name. It’s about how people working
in the Quaternary are perceived.”

To follow the rules, some cutting and past-
ing of the time scale will be required. In order
to line up the beginning of the Quaternary
with the beginning of the Pleistocene and thus

maintain a proper hierarchy, an 800,000-year
slice of the earlier Pliocene epoch will have to
move up into the Pleistocene. Some geologists
are incensed. “All of a sudden they want to
move [the Pleistocene] down 800,000 years,”
says marine geologist Lucy E. Edwards of the
U.S. Geological Survey in Reston, Virginia.
“Why? ‘Because we want it.’ It upsets the sta-
bility of the nomenclature without a good sci-
entific reason. Many more marine geologists
working in the Pleistocene would be com-
pletely discombobulated.”

Critics say the revision violates a basic rule:
that boundaries on the time scale are not delin-
eated by climate changes such as revved-up ice
ages. Exactly when a climate event appears in
the geologic record, they point out, can depend
on the latitude where the record was laid down.
Edwards says quaternarists would take the
boundary to be “when the glaciation started

where I work.” Marine geologist
Marie-Pierre Aubry of Rutgers
University plans to hold f irm
against the change. “Are we going
to give up our principles?” she
says. “I don’t believe so.”

Proponents of the proposal
point out that the proposal pegs
the Quaternary’s lower bound-
ary to an extremely well defined
climate event: a sharp swing
recorded at the same time at all
latitudes in marine-sediment oxy-
gen isotopes. But it still doesn’t
pass muster with marine geolo-
gists. “Climate change is not a
criterion for defining units except
for quaternarists,” Berggren says.
“They think climate change at
2.6 million years is the most

important thing, [but] climate changes are not
unique signals in the record.” Similar climate
oscillations precede and follow the chosen
swing, he notes, and major episodes of glacia-
tion have occurred for hundreds of millions of
years. “The rest of the community is going to
ignore it,” he says.

The arguments will come to a head this
August at the 33rd International Geological
Congress in Oslo. “We’re going to make time
for an open forum and discussion,” says Peter
Bobrowsky of the Geological Survey of
Canada in Ottawa, who is secretary general of
IUGS. “We hope to resolve the matter of the
Quaternary [in Oslo] or agree on how to resolve
it.” He says he expects a good outcome, if only
because IUGS has ruled that nothing will be
carved in stone before 2009. Oslo “could be a
free-for-all,” he says. “It won’t be a bloodbath.
They are academics.”

–RICHARD A. KERR

“They tried to suppress
[the Quaternary] while
nobody was looking.”

—PHILIP GIBBARD, 
UNIVERSITY OF CAMBRIDGE

“The rest of the 
community is going to
ignore” the Quaternary.

—WILLIAM BERGGREN, 
RUTGERS UNIVERSITY

The real quaternarists. Study of the Quaternary
includes the environment of early humans.
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GÖTTINGEN, GERMANY—We sometimes see
apes and monkeys in the movies, but we
never see them at the movies. Although non-
human primates can do remarkable things—
chimps have rudimentary cultures, and some
monkeys have highly complex social sys-
tems—none shows the kind of creativity and
innovation that are the hallmarks of Homo
sapiens. Researchers have long puzzled
about which human behaviors stem from our
primate roots and which are unique to the
hominid line. 

Beginning in the 1960s, scientists focused
on the similarities, as lab and field studies
revealed that the cognitive talents of other
primates had been underestimated. But dur-
ing the past decade or so, researchers say,
there has been renewed interest in the traits
that set us apart. At a recent meeting* here,
anthropologist Carel van Schaik of the Uni-
versity of Zurich, Switzerland, emphasized
this evolutionary divergence. “Mind the
gap!” he said in a keynote talk. “Humans
have a huge number of [novel] characteris-
tics.” Indeed, participants at the meeting,
which was designed to compare and contrast
humans and nonhuman primates, demon-

strated several of these seemingly unique
human behaviors: advanced planning (the
conference was months in the making),
social organization and cooperation (every-
one showed up at the same time and place),
and culture and teaching through language. 

At the conference, researchers heard evi-
dence that many of these behaviors, such as
planning, may have deep evolutionary roots.
But some talents, such as cultural innovation,
seem unique to our species, and others,
including altruism, may represent a novel
blend of old and new characteristics. The
challenge now, says van Schaik, “is to figure
out how one ape among many—humans—
could become so radically different.” 

The waiting game
“Genius,” said the 18th century French natu-
ralist Buffon, “is only a great aptitude for
patience.” To many researchers, our ability to
trade immediate gratification for long-term
rewards sets us apart from other, more impul-
sive animals. Without patience, activities
from planting crops for later harvest to send-
ing space probes to Mars would be impossi-
ble. But a talk at the meeting by behavioral
ecologist Jeffrey Stevens of the Max Planck
Institute for Human Development in Berlin
suggests that patience has evolutionary roots

that predate the ape-human split—and that in
some situations, humans may be even more
impulsive than apes.

Most studies suggest that animals have a
low tolerance for delayed gratif ication.
When offered a choice between two food pel-
lets immediately or six pellets later, pigeons
will wait only about 3.5 seconds for the
larger reward. Rats are only slightly less
impulsive in similar tests, and even monkeys
seem to live largely in the present: In a 2005
study, Stevens found that the patience of
marmosets wore thin after 14 seconds. One
notable exception is the scrub jay, which
stores food for later use and probably repre-
sents a case of parallel evolution, says psy-
chologist Nicola Clayton of the University of
Cambridge in the U.K., who led the jay
research (Science, 23 February 2007, p. 1074).

In new studies, Stevens and his co-workers
measured how long our closest relatives,
chimpanzees and bonobos, would play the
waiting game. The apes were placed in an
apparatus designed to give them a choice
between two grape halves immediately or six
grape halves later. (Trial runs taught the
apes that the larger food amounts arrived
after a delay.) Bonobos accepted a delay of
about 74 seconds, whereas chimpanzees
sweated out a full 2 minutes to get the larger
reward—although they did a lot of fidgeting
and head-scratching while they waited.

The experiment shows that a capacity
for delayed gratification was already pres-
ent in the common ancestor of humans and
apes, says Stevens. “The ability to restrain
impulsiveness would certainly seem to be a
prerequisite for the sort of planning we see
in many human activities,” agrees prima-
tologist Dorothy Cheney of the University
of Pennsylvania.

Stevens also tried to directly compare
humans and chimps in a similar experiment.
To his surprise, humans (who were eating
raisins, M&M candies, or popcorn) caved
much more quickly than apes: About 72% of
the chimps waited the 2 minutes for a bigger
share, whereas only 19% of the humans did
so. But given humans’ ability to buy gro-
ceries for the week, van Schaik suspects that
“people did not really take the experiments as
seriously as the chimps.” 

This cricket’s on me
Although chimpanzees may be surprisingly
patient, they fail miserably at another typi-
cally human behavior: lending a spontaneous
helping hand to one’s neighbor without

Why We’re Different: Probing the
Gap Between Apes and Humans
Researchers at a high-level meeting probe the ancient question of what sets the
human brain apart from that of other primates

HUMAN EVOLUTION

Watch me! The ability of chimps to learn from
each other may have been underestimated. 

NEWSFOCUS

* Primate Behavior and Human Universals, Göttingen,
Germany, 11–14 December 2007.
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expecting anything in return. Such altruism is
very common among humans, some of
whom even sacrifice their own lives to help
others. Yet recent work by anthropologist
Joan Silk of the University of California, Los
Angeles (UCLA) and Michael Tomasello of
the Max Planck Institute for Evolutionary
Anthropology in Leipzig, Germany, has
shown that chimps, although remarkably
cooperative in many ways, do not sponta-
neously help fellow apes. Other work has
found that most nonhuman primate coopera-
tion involves self-interested reciprocal
exchanges. Many scientists have concluded
that true altruism requires higher cognition,
including an ability to read others’ mental
states, called theory of mind (Science, 23 June
2006, p. 1734).

Yet humans may not be the only altruistic
primates. A team led by Judith Burkart of the
University of Zurich, which included van
Schaik, looked for helping behavior in mar-
mosets, who lack advanced cognition but are
highly cooperative. One monkey, the donor,
was given a choice of pulling a tray with a
bowl that contained a juicy cricket or pulling
a tray with an empty bowl into an area where
another monkey was sometimes present.
Only the recipient could get the food, with no
payoff for the donor. Nevertheless, the donor
pulled the cricket tray an average of 20% more
often when a recipient was present than when
it was absent, Burkart said at the meeting.
Moreover, the marmosets were about equally
generous to genetically unrelated monkeys as
they were to their kin.

Why do marmosets and humans engage
in spontaneous altruism when other pri-
mates do not? The answer, Burkart pro-
posed, is that both species, unique among
primates, are cooperative breeders: Off-
spring are cared for not only by parents but
also by other adults. Marmoset groups con-
sist of a breeding pair plus an assortment of
other helpers, whereas human parents often
get help from grandparents, siblings, and
friends. Burkart suggests that primate altru-
ism sprang from cooperative breeding. In
humans, these altruistic tendencies, com-
bined with more advanced cognition, then
nurtured the evolution of theory of mind.

“This is an excellent piece of work,” says
Silk, although she cautions against drawing
sweeping conclusions about the evolution of
human altruism from “just two data points,”
humans and marmosets. Nevertheless,
Tomasello says, if the results are valid, they
“demonstrate that generosity with food and
complex cognitive skills are independent
adaptations, which humans may have com-
bined in unique ways.”

Cultural ratchet
Researchers agree that cultural innovation
is one arena in which humans stand alone.
Chimps and other primates do show signs
of rudimentary culture, such as different
traditions in the use of tools to crack nuts
(Science, 25 June 1999, p. 2070). But the
highly complex cultures produced by
human societies are unique to our species.
What accounts for this cultural gap?

Some scientists, including Tomasello and
UCLA anthropologist Robert Boyd, who
both attended the meeting, have argued that
other primates are poor at imitating others
and learning from them. Humans, in contrast,
are such good imitators that they accumulate
culture and knowledge over generations, a
“ratcheting” effect that bootstraps the slow
pace of biological evolution with a powerful
dose of cultural evolution.

Yet studies led by psychologist Andrew
Whiten of the University of St. Andrews in
Fife, U.K., have found that chimps’ability to
imitate might be underrated. Some of these
experiments have employed a special food
dispenser that can be operated both by pok-
ing a stick into it and by using the stick to lift
a lever. When chimps who had learned one
or the other technique from humans were
reintroduced to their peers, the other animals
quickly learned to follow their example
(Science, 26 August 2005, p. 1311). But
Tomasello suspected that the chimps might
be emulating the motion of the dispenser
rather than imitating another chimp. 

In new work reported at the meeting,
Whiten and his co-workers claim to have
ruled out that possibility. They tied a length
of fishing line to a lever so that they could
surreptitiously pull it to deliver a grape. Yet
when 12 chimps were exposed to this “ghost”

apparatus, none learned to pull the lever
themselves. The team concluded that chimps
could only learn to use the machine if taught
by another chimp or a human—through
social learning or imitation.

“A decade ago, people were doubting”
that social learning took place in nonhuman
primates, says Joanna Bryson, a cognition
researcher at the University of Bath, U.K.
“Since then, Whiten has … prove[d] beyond
a doubt that it occurs.”

Whiten said at the meeting that these
results suggest that imitation was in place
long before cultural ratcheting and imply a
somewhat different model for cultural evolu-
tion from that of Tomasello and Boyd. The
element that kept chimps and possibly early
hominids from complex culture might have
been a poor ability to innovate, he suggested.
For example, early humans made Acheulean

hand axes in the same basic form for hun-
dreds of thousands of years. 

Van Schaik agrees with this logic: “It
might be that apes … fail to produce any-
thing that goes beyond what they already
have.” And Tomasello now says his earlier
views require modif ication. “[Whiten’s
results] demonstrate that chimpanzee social
learning is more powerful than I previously
thought,” he says.

Indeed, for some researchers at the meet-
ing, talks such as Whiten’s suggested that the
evolutionary gap between humans and other
primates might not be insurmountable. “We
are just primates with a particular combina-
tion of traits,” says Bryson. “Seeing how all
those traits came together and exploded into
our current culture is really interesting. It
makes you wonder whether it might happen
soon for another species, given a chance.” 

–MICHAEL BALTER

Beyond the family. Did cooperative breeding help make both marmosets and humans altruistic?
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Working at the Military Hospital in Bel-
grade during the brutal Balkan war of the
1990s, neurologist Ibolja Cernak encoun-
tered a medical enigma. She saw soldier
after soldier with memory deficits, dizzi-
ness, speech problems, and difficulties with
decision-making—but no obvious injury.
Cernak recalls one 19-year-old who went to
a grocery store and began to weep after he
couldn’t remember how to get back home.
When his mother brought him to the hospi-
tal a few days later, Cernak learned what
later emerged as a common element in all
these cases: The soldier had survived an
explosion on the battlefield. 

The strange thing was that most of these
patients had not suffered a direct injury to
the head. And yet, in computed tomogra-
phy and magnetic resonance imaging
scans, Cernak saw signs of internal dam-
age. In some cases, the brain’s ventricles—
channels that carry cerebrospinal fluid—
had become enlarged; and in some, there
was evidence of minor bleeding. But when
Cernak dug into the medical literature for
an explanation, she came up empty.
According to the available research, shock
waves from an explosion injure mainly air-
f illed organs such as the lung and the
bowel, not the brain. 

With a small band of collaborators in
Belgrade, China, and Sweden, Cernak
undertook animal studies that eventually
confirmed that blast waves can cause neu-

ronal damage. The work drew little atten-
tion until 2 years ago when hundreds of
U.S. and British soldiers began returning
from Iraq with symptoms similar to those
of Cernak’s patients. As roadside explo-
sions became more common, military doc-
tors suspected that these symptoms were
the likely result of mild traumatic brain
injury (TBI) sustained in blasts. Seeing her
observations borne out was as if “a myth
had become reality,” says Cernak, who is
now a researcher at the Applied Physics
Laboratory at Johns Hopkins University in
Baltimore, Maryland.

How blasts affect the brain has since
become an urgent question in military med-
icine. Last summer, the U.S. Congress gave
$150 million to the Department of Defense
(DOD) for the f irst year of research on
TBI—both severe injuries that damage the
skull and milder ones suspected of causing
neurological def icits. The Defense
Advanced Research Projects Agency
(DARPA) has already launched a $9 million
research program aimed specif ically at
understanding trauma caused by shock
waves, heat, and electromagnetic radiation
emanating from blasts. Another $14 million
a year is going to the Defense and Veterans
Brain Injury Center (DVBIC), a DOD-
funded agency headquartered in Washing-
ton, D.C., for research and outreach on TBI. 

This flurry of interest has focused a spot-
light on Cernak’s research. There is growing

consensus that blasts can produce subtle
injuries in the brain as suggested by Cernak
several years ago. In fact, the Department of
Veterans Affairs (VA) proposed a new rule
this month acknowledging blast-related TBI
as a special neurological condition whose
symptoms may have gone undetected in the
past. The proposed rule, published in the
Federal Register on 3 January, would allow
for greater disability compensation to vic-
tims than is granted currently. 

But many researchers are skeptical of
Cernak’s ideas about how these injuries
might occur. Cernak postulates that blast
waves ripple through the victim’s torso up
into the brain through the major blood ves-
sels, leading to neurological effects that can
be slow to appear. Although she has evi-
dence from animal experiments to back up
that hypothesis, she admits that more
research is needed. If the mechanism is con-
firmed by future studies, Cernak says, it
would mean that helmets do not protect the
brain against blast injury. 

Besides raising questions about the pro-
tection of troops currently in combat, Cernak’s
suggestion that simply being exposed to an
explosion might lead to long-lasting brain
damage has opened a Pandora’s box, partic-
ularly for veterans. It implies that some
could be suffering from neurological
def icits that went undiagnosed or were
mistakenly attributed to posttraumatic
stress disorder (PTSD). Indeed, since the
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Shell Shock Revisited: 
Solving the Puzzle of Blast Trauma
Even at a distance, explosions may cause lasting damage to the brain. Such findings
could have big implications for arming and compensating troops

NEUROSCIENCE
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government began putting out information
about blast-related TBI, veterans have been
trickling in to seek treatment for mental
problems that some have lived with for
decades. “It may well be that blast injuries
follow the pattern of Agent Orange and Gulf
War syndrome,” says former VA psychia-
trist David Trudeau, referring to ill-defined
health problems that have lingered for
years after battle. 

Hidden trauma
If Cernak had been a doctor during World
War I, she says, she might well have recog-
nized mild TBI among the thousands of sol-
diers who suffered from what was simply
called “shell shock.” But during World War I,
many doctors and military commanders
viewed shell shock as a transient psycholog-
ical phenomenon that affected soldiers who,
in their opinion, were mentally weak. 

Cernak discovered something very dif-
ferent: that soldiers’ mental problems
seemed to be driven by enduring physical
changes in the brain. To test her hypothesis,
she conducted a study of 1300 patients who
had suffered penetrating wounds to the
lower body but not the head. More than half
had suffered injuries in a blast; the rest had
been wounded by projectiles. Many of the
blast victims complained of symptoms such
as insomnia, vertigo, and memory deficits,
and more than 36% in this group showed
irregular patterns of electrical activity in the
brain—as measured by electroencephalo-
grams taken within 3 days of the injury—
compared to only 12% in the other group. A
year later, 30% of blast-injured patients still
showed abnormal brain activity compared
to 4% of the rest. Cernak says the findings,
published in the Journal of Trauma in 1999,
suggested that the mental problems of blast
victims had a biological basis.

Her study wasn’t the first to make that
point. A year earlier, VA researchers had
found that among veterans with PTSD, indi-
viduals with a history of blast exposure were
much more likely than others to have abnor-
mal brain activity as well as cognitive and
behavioral problems. “Our evidence pointed
to the possibility that blast injury was a long-
lasting injury in combat veterans,” says
Trudeau, who retired in 2000. He says he
was disappointed by the lack of follow-up
to the study, published in the August 1998
Journal of Neuropsychiatry. “The reception
we got was pretty lukewarm,” he says.

For decades, Army researchers had been
studying the effects of blast waves but with
a different focus. They concentrated on how
to protect the lungs and bowel because the

pressure from an explosion is most likely to
shear at the interface of these tissues, where
densities differ. DOD was so confident that
advanced body armor was protecting troops
against lung and bowel injuries that it
closed down this research program in 2003.
“We thought, why spend more money on
this when we’ve fixed the problem?” says
Geoffrey Ling, a neurologist and a program
manager at DARPA.

Then the bad news arrived. As blast sur-
vivors from Iraq were air-lifted to hospitals,
U.S. Army doctors, including Ling, who
was deployed in Iraq in late 2004, began to
see patients whose brains had swelled
markedly within hours of being close to a
blast. Some had clear head injuries but

many did not. Even in cases involving visi-
ble wounds, the extent of swelling was often
much greater than expected, leading neuro-
surgeons to wonder whether blast waves had
played a role in addition to penetrating
shrapnel. Ling says the patterns of vascular
enlargement seen across a range of patients
showed a continuum of brain injury, sug-
gesting that there could be milder versions
that were less obvious.

That suspicion has grown stronger with
hundreds of soldiers returning from the war

zone complaining of a common cluster of
cognitive and behavioral problems. Army
doctors say they have encountered many
patients who are unable to perform simple
addition and subtraction, read more than
one sentence at a stretch, or recall simple
things like what they had for lunch. “The
majority are individuals who lost conscious-
ness or were dazed after a blast but did not
sustain overt head injuries,” says Ronald
Riechers, a neurologist at Walter Reed Army
Medical Center in Washington, D.C.
“Within a short time frame, they develop
headaches and notice that their reaction
time and concentration are not the same as
before.” Based on these evaluations, DVBIC
estimates that 10% to 20% of all soldiers on
duty in Iraq and Afghanistan have suffered
some type of TBI. 

Ling says the TBI numbers prompted
DOD to restart its research on blast injury,
this time with a focus on the brain. DARPA
is funding two main projects as part of the
first basic science effort on the topic. One
will study the mechanical and cellular
effects of blast waves in an animal model.
Another will look at the consequences of
repeated exposures to low-intensity explo-
sions among military breachers, whose
job is to blast holes into buildings using
shoulder-launched weapons. “Once you
know for certain what in a blast is really
hurting the brain and how, you can use
that to develop therapies and prevention
strategies,” says Ling.

A tsunami in the brain
Although it is becoming accepted that blast
waves can cause TBI, Cernak’s theory
about how the damage occurs is controver-
sial, and it has implications for how best to
protect troops. She hypothesizes that when
blast waves strike the body, they transfer
kinetic energy and cause pressure in the
main blood vessels to oscillate rapidly. A
pulse travels up through the neck into the
brain, damaging axonal fibers and neurons
in the hippocampus, brainstem, and other
structures close to cerebral vessels. The
shock can also injure cells farther out in the
cortical regions.

That mechanism is entirely different
from the more widely studied effects of
acceleration or deceleration in a car crash.
Researchers know that a crash impact can
shake the brain so violently that axonal
fibers are torn. Some say victims of explo-
sions could be experiencing a similar
whiplashing, in contrast to Cernak’s
view—which would mean that helmets
designed to dampen that effect could help.

“What’s happening in blast injury
is that these inner structures [of
the brain] are being affected.”

—IBOLJA CERNAK,
JOHNS HOPKINS UNIVERSITY

http://www.sciencemag.org
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“I am very skeptical that kinetic energy
could be transferred through the vascular
system,” says J. Clay Goodman, a neu-
ropathologist at Baylor College of Medi-
cine in Houston, Texas. “It is much more
reasonable to consider the blast effects
directly on the cranial vault and the brain.” 

Cernak says her findings show the vas-
cular route to be more plausible. In experi-
ments that exposed rats and rabbits to a
simulated blast wave in a shock tube—a
cylinder through which an air pulse is
transmitted at high velocity—Cernak and
her colleagues found that immobilizing the
animal’s head with steel plates to prevent
whiplash effects did not protect against
hippocampal cell damage, as they reported
in the Journal of Trauma in 2001. Cernak

says the vascular-transmission theory
could explain the unique combination of
symptoms in blast-induced TBI, as well as
why neurological symptoms are seen in
soldiers wearing helmets. For example,
memory deficits hint at damage to the hip-
pocampus, whereas problems in orientation
reflect injuries to the cerebellum. “What’s
happening in blast injury is that these inner
structures are being affected,” Cernak says,
in contrast to TBIs in traffic accidents and
contact sports, where the cortex bears most
of the brunt.

Cernak presented unpublished results
last month at the Blast Injury Conference in
Tampa, Florida, showing that exposure to
blast waves can trigger neurodegeneration
in rat brains, fragmenting the walls of neu-
rons in the hippocampus and other regions.
Similar f indings have been published by
Annette Säljö, a researcher at the University
of Göteborg in Sweden and a collaborator
of Cernak’s. Säljö and her colleagues
reported in the Journal of Neurotrauma in
August 2000 that rats exposed to blasts
showed a buildup of neurofilament proteins
in the cortex and the hippocampus during

the week following the injury. This suggests
that the damage can worsen over time, like a
“slow cooking under the surface,” says
Cernak: “One could think of it as a horribly
accelerated aging of the brain.” 

If blast waves indeed cause injury by vas-
cular transmission, new types of body armor
may be needed. “We would need to develop
materials that completely absorb or reflect
the full range of blast-wave frequencies gen-
erated by an explosion,” says Cernak,
adding that current body armor only shields
against some of a blast’s kinetic energy.

Cernak has done pioneering work, says
John Povlishock, a neuroanatomist at Vir-
ginia Commonwealth University in Rich-
mond, adding that she may be right that a
“rapid rise and fall in venous pressure” is

what stamps the blast’s signature on the
brain. But more studies are needed to vali-
date her ideas and translate the animal
results into humans: “This is a topic with
great economic, military, and social impli-
cations,” he says, “and as of now, the litera-
ture is extremely limited.” 

Needed: A gold standard
As blast casualties from Iraq have mounted,
the U.S. military has stepped up efforts to
detect TBI among troops. In July 2006, the
Army Surgeon General asked all unit com-
manders in Iraq to request TBI screening for
soldiers displaying “poor marksmanship,
delayed reaction times, decreased ability to
concentrate, and inappropriate behavior.”
Troops who have been in a blast are evalu-
ated by field medics using a short question-
naire that asks, among other things, if the
person lost consciousness and had trouble
remembering things from just before the
explosion. Depending on the severity of the
symptoms, they are asked to take a day off
or see a neuropsychologist. 

Some veterans groups believe a more
aggressive screening policy is needed, espe-

cially because the symptoms of blast injury
might not show up until later and because
subtle injuries might not show up in stan-
dard brain scans. The ideal option, some say,
would be to use a biomarker: “We’d like to
be able to do a blood test to determine the
injury,” says Colonel Robert Labutta, a neu-
rologist at the health affairs office at DOD.
But until the science of blast injury is estab-
lished, officials say, it does not make sense
to bring home every soldier who has been in
the vicinity of an explosion. 

The costs of treating TBI victims from
Iraq and Afghanistan could be astronomical.
At last count, nearly 25,000 soldiers had
been diagnosed with TBI. One estimate of
the financial burden, calculated by Harvard
researchers, puts the number at $14 billion
over the next 20 years. But officials seem
determined not to miss any cases among
troops coming home: In April, VA mandated
TBI screening for all Iraq and Afghanistan
veterans who come to VA hospitals for any
services, even if it’s a dental exam. 

The spotlight on mild TBI has drawn the
attention of older combat veterans who were
exposed to blasts but were never treated for
neurological symptoms. Many were diag-
nosed with PTSD; some of the symptoms—
such as depression, irritability, and attention
deficit—overlap with those of mild TBI.
These cases, some reaching back to the Viet-
nam War, could have significant legal and
financial implications, says Edward Kim, a
psychiatrist with Bristol-Myers Squibb in
Plainsboro, New Jersey, and author of a recent
report from the American Neuropsychiatric
Association on the mental health effects of
TBI. “I question whether DOD and the VA
really want to open this can of worms,” he
says. For example, a veteran with Alzheimer’s
disease could make a claim pointing to
research showing that TBI increases the risk
of developing Alzheimer’s disease. 

Cernak says she has been receiving
e-mails and phone calls from veterans
thanking her for her research and seeking
more information. Last month, she got a
call from a 47-year-old woman who had
served in the f irst Gulf War. The woman
had been a teacher before she went to the
combat zone, where she was exposed to
repeated blasts. After she returned home,
she had to stop teaching because she could
not remember any facts.  The story
reminded Cernak why she had begun
studying this obscure field 2 decades ago.
“Soldiers anywhere are one of the most
vulnerable populations in the world,” she
says. “It is a moral obligation to help them.”

–YUDHIJIT BHATTACHARJEE

Ripple effect. Cernak
suggests that the shock
waves from a blast reach
the brain through major
blood vessels.

http://www.sciencemag.org
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A Closer Look at the 
IPCC Report 
IN THEIR POLICY FORUM (“THE LIMITS OF 
consensus,” 14 September 2007, p. 1505),
M. Oppenheimer et al. make several mis-
leading statements. They suggest that a pre-
mature drive for consensus led Working
Group I to understate the risk of large future
sea-level rise in the Intergovernmental 
Panel on Climate Change (IPCC) Fourth
Assessment Report (WGI-AR4). They
assert that the “Summary for Policymakers”
(SPM) of the WGI-AR4 did not properly
consider increasing contributions from
rapid dynamical changes in the ice sheets of
Greenland and West Antarctica (WAIS).
However, in quoting the SPM discussion of

sea-level rise, they ignore its explicit state-
ments on the subject, such as “dynamical
processes related to ice flow not included in
current models but suggested by recent
observations could increase the vulnerabil-
ity of the ice sheets to warming, increasing
future sea level rise”; the model projections
“[do not] include the full effect of ice sheet
flow because a basis in published literature
is lacking”; and, crucially, “larger values
cannot be excluded, but understanding of
these effects is too limited to assess their
likelihood or provide a best estimate or an
upper bound for sea level rise” (1).

We agree with Oppenheimer et al. that
paleoclimatic observations should be consid-
ered in assessing possible long-term future
sea-level rise and polar ice sheet changes, but
dispute their inference that the SPM omitted

the available information. The SPM explicitly
noted that “global average sea level in the last
interglacial period (about 125,000 years ago)
was likely 4 to 6 m higher than during the 20th
century, mainly due to the retreat of polar ice”
from Greenland and possibly Antarctica as
well. The SPM refers to the whole of
Antarctica because of the possibility of differ-
ing behavior for the East Antarctic Ice Sheet
(for which there is currently some evidence
for mass gain, as opposed to mass loss of
WAIS), in order to communicate with policy-
makers whose interest lies in understanding
the total contribution to sea-level rise.

Oppenheimer et al. offer a number of
suggestions for handling uncertainty, but
they do not address the fact that quantitative
model projections of ice-sheet dynamical
changes cannot yet be made because of the
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Antarctica Invaded
THE PERSPECTIVE “ANTARCTIC BIODIVERSITY” (P. CONVEY
and M. I. Stevens, 28 September 2007, p. 1877) highlights
endemic fauna and flora on the south polar continent that
have persisted through glacial cycles and remained geo-
graphically isolated for millions of years. However, this
ancient biota is no longer isolated. Despite being sur-
rounded by a vast ocean, Antarctica’s isolation has diminished rapidly
for a variety of reasons: a burgeoning tourist industry that produces
tens of thousands of visitors each year; scientific exploration;
increased accessibility by air and by sea; and global warming, which is
removing physiological barriers to colonization by species that previ-
ously could not survive the inhospitable climate (1, 2).  

Human activity in Antarctica is taking its toll. In one alarming 
example, poultry viruses and Salmonella have been found in penguins
(3). This discovery garnered media attention, but invasions by many
other organisms have occurred with less fanfare. Nearly 200 alien
species of fungi, terrestrial plants, invertebrates, and vertebrates have
colonized the Antarctic continent and its surrounding islands within just
the past two centuries (1), an astonishing rate for this once intensely
remote region. On Gough Island, for example, the modern rate of inva-
sion may be as much as 20,000 times higher than the prehistoric rate (4).
Although their effects have been poorly studied to date, alien species
have already reduced populations of native plants, invertebrates, and

seabirds (5–7), and they have had direct and indirect effects on ecosys-
tem processes (1, 8). The dramatic effects that alien species have had in
insular endemically rich regions elsewhere (9–11) warn that they could
play a major role in reshaping Antarctica’s diversity.

ANTHONY RICCIARDI

Redpath Museum, McGill University, Montreal, QC H3A 2K6, Canada. E-mail: 
tony.ricciardi@mcgill.ca
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Not so remote. Tourism is one factor affecting
Antarctica’s previously isolated ecosystem.
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inadequacy of current scientific knowledge.
Observations do not presently offer a clear
way to progress past these model limita-
tions, in part because of discrepancies
among published studies: Whereas some
suggest that currently observed flows in out-
let glaciers may be transient and thus have
limited implications for long-term sea-level
rise, others suggest the opposite.

IPCC assesses the literature; it does not
conduct new research. In our view, providing
numerical estimates of potential sea-level rise
due to processes not yet quantified in the liter-
ature (whether by expert elicitation, as sug-
gested by Oppenheimer et al., or by another
process) would lead to inappropriate “anchor-
ing around numerical values” of exactly the
type that Oppenheimer et al. warn against.  Far
from minimizing structural uncertainties, or
driving for a “premature consensus,” as
Oppenheimer et al. suggest, the SPM text of
the WGI-AR4 appropriately does the exact
opposite by explicitly stating that “under-
standing of these processes is limited and
there is no consensus on their magnitude.”

SUSAN SOLOMON,1 RICHARD ALLEY,2 JONATHAN
GREGORY,3,4 PETER LEMKE,5 MARTIN MANNING,6

1Co-chair IPCC Working Group I, National Oceanic and
Atmospheric Administration, Boulder, CO 80305, USA.
2Geosciences and Earth and Environmental Systems,
Pennsylvania State University, University Park, PA 16802,
USA. 3Walker Institute for Climate System Research,
Department of Meteorology, University of Reading, Reading
RG6 6BB, UK. 4Met Office Hadley Centre for Climate
Change, Exeter, Devon EX1 3PB, UK. 5Alfred Wegener
Institute for Polar and Marine Research, D-27570
Bremerhaven, Germany. 6The University Corporation for
Atmospheric Research, Boulder, CO 80301, USA.
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Response
We disagree with Solomon et al. that our
Policy Forum was misleading. We correctly
noted that model-based numerical ranges for
21st-century sea-level rise presented in the
WGI SPM (Table SPM-3) did not account for
the uncertainty resulting from potential
increases in the rapid dynamical response of
ice sheets. Solomon et al. challenge this asser-
tion by pointing instead to qualitative state-
ments in the SPM, implying that the latter pro-
vide a satisfactory accounting of uncertainty.
But the distinction between numerical values
highlighted in a prominent table and narrative
qualifications of such numbers is critically
important. Numbers are powerful, grabbing
the readers’ attention, whereas qualifications
are often ignored. For example, the tabular

values, indicating a maximum sea-level rise of
59 cm during the 21st century, are cited fre-
quently in the public discussion absent any
qualification.

We did not imply, as Solomon et al.
argue, that the WGI SPM omitted informa-
tion from paleoclimate studies in evaluating
uncertainty in sea-level rise beyond the 21st
century. We suggested that it gave too much
credence to ice-sheet models compared with
other sources of information. For example,
in reporting only a model-based estimate for
the time scale of a long-term contribution
(from Greenland), the WGI SPM gives short
shrift to the implications of observations of
fast responses in both Greenland and WAIS,
narrative qualifications to the contrary
notwithstanding. Such an approach under-
states the range of opinion in the relevant
expert community on the potential magni-
tude and rate of the ice-sheet contribution as
indicated by studies reviewed during AR4
(1). Further perspective on this question is
provided by the AR4 Synthesis Report (2). 

Finally, contrary to Solomon et al.’s asser-
tion, our suggestions for improving the treat-
ment of uncertainty were made specifically
with the shortcomings of ice-sheet modeling
in mind. It makes little sense to highlight
model-based projections of sea-level rise
when models that are supposed to account for
the ice-sheet component have failed the test
against reality. Other approaches provide
important additional perspectives. For exam-
ple, the fact that two independent semi-
empirical analyses estimating uncertainties in
future sea-level rise have been published
recently (3, 4) suggests that observation-
based methods yield important insights
where models are deficient.

We do not propose that IPCC “conduct new
research.” Rather, we argue that it take full
advantage of what has already been produced.
IPCC also has the flexibility to fill gaps in
modeling and analysis where the completeness
of assessment calls for it, and has done 
so many times. In anticipation of a Fifth
Assessment, and realizing that ice-sheet mod-
els may not improve rapidly, IPCC should
encourage the development of a more compre-
hensive approach to uncertainty. As it has done
for other arenas, such as emissions scenarios or

abrupt climate change, IPCC could spur
research into empirical approaches, formal-
ized expert elicitation, and comprehensive
analysis of paleo-ice extent and sea level, each
carried out with a specific view toward
informing quantitative judgments on the range
of future sea level. Holding workshops on this
problem over the next few years would fit
neatly into IPCC tradition.

Three of us are authors of AR4, well aware
of the difficulty of assessment. A premise of
our Policy Forum is that IPCC has done a
superb job of establishing the scientific con-
sensus. But in a high-stakes problem like
global warming, governments need to cali-
brate policy to the full range of plausible out-
comes, for sea-level rise and for all other key
uncertainties.

MICHAEL OPPENHEIMER,1,2 BRIAN O’NEILL,3,4
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Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of
general interest. They can be submitted through
the Web (www.submit2science.org) or by regular
mail (1200 New York Ave., NW, Washington, DC
20005, USA). Letters are not acknowledged upon
receipt, nor are authors generally consulted before
publication. Whether published in full or in part,
letters are subject to editing for clarity and space.

CORRECTIONS AND CLARIFICATIONS
News Focus: “Gunning for the Ivy League,” by H. Xin and D. Normile (11 January, p. 148). In the chart titled “Higher
Education in China,” the unit label for the y axis should have been thousands, not millions.

Special Issue on The Cosmic Web: News: “Untangling the celestial strings,” by A. Cho (4 January, p. 47). The first Pan-
STARRS telescope is located at Haleakala Observatories, Maui, not on Mauna Kea as the article stated.

Policy Forum: “Implementation science” by T. Madon et al. (14 December 2007, p. 1728). The authors’ affiliation is The
John E. Fogarty International Center at NIH; the division name is incorrect and should have been removed.
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Ludwig Wittgenstein,
arguably Vienna’s most
famous philosopher,

introduced the idea that “lan-
guage games” represent spe-
cific ways of life and thought.
Wittgenstein’s debt to the rich
and often contradictory intel-
lectual and artistic environ-
ment of his native city is by
now well known, and cultural
historians have described the
unique symbiosis of philosophy, science,
art, and politics in imperial Vienna (1–3).
Deborah Coen’s Vienna in the Age of
Uncertainty is an important contribution to
this rich literature, one that will especially
interest those fascinated by the varied interac-
tions among science, society, and culture.

Coen, a historian of science at Barnard
College, presents the biography of a scientific
dynasty, the prolific Exner family. It includes
the chief architect of Austria’s mid-19th-
century education reforms (the philosopher
Franz); physicists Franz Serafin and Karl,
physiologist Sigmund, and legal scholar
Adolph (all second generation); meteorologist
Felix and Nobel laureate ethologist Karl von
Frisch (third generation); several physicians
and jurists; and, especially among the women,
talented artists and social activists. Both
Adolph and Franz Serafin served as rector of
the University of Vienna, and several Exners
were members of the Austrian Academy of
Sciences. Thus in terms of their scientific
prominence, the Exner dynasty is on par with
the Darwin and Huxley families in Britain.
But unlike their well-studied British counter-
parts, the Exners have been rather neglected.

To be sure, their individual discoveries and
accomplishments—educational philosophy
(Franz), contributions to color perception and
the physiology of vision (Sigmund), statistical
physics (Franz Serafin), meteorology and
alpine climate (Felix), and the “language of the
bees” (von Frisch)—are well established. What
had been missing was recognition of the inti-
mate connections among these diverse achieve-
ments. And it is in this context that Coen’s study
introduces us to the ideals of the scientific way

of life as practiced by three gen-
erations of Exners. Foremost
among them was the ultimate
value of Vielseitigkeit (many-
sidedness).

Many-sidedness applied to
all aspects of the Exners’ life
and work. It was a cultural
value they shared with their
peers, the educated liberals of
Austria’s upper bourgeoisie.
These Bildungsbürger empha-

sized the importance of lifelong education
through scholarship and the arts and advocated
the gradual formation of (as one philosophy
textbook that was part of Franz’s education
reforms put it) an “ethical character through
the systematization of empirical rules.” 

Like many members of their class, the
Exners spent summers in the countryside,
away from the busyness of Imperial Vienna.
The ever-growing family congregated at
Brunnwinkl, a compound purchased in 1882
by Marie von Frisch (née Exner), on the
Wolfgangsee in the Salzkammergut region (a
popular destination for summer vacationers,
including Emperor Franz Joseph). Here the
children explored the woods and the lake

while also participating in the artistic and
intellectual pursuits of their parents, which
included painting, music, literature, and (of
course) scientific and philosophical discus-
sions. This environment was greatly enriched
by distinguished guests and visitors, such as
writers Gottfried Keller and Marie von Ebner-
Eschenbach and surgeon Theodor Billroth.
The meadows of Brunnwinkl were also the
decades-long laboratory for Karl von Frisch’s
experiments with bees. Coen details the
importance of this country retreat for the
development and refinement of the Exners’
scientific and cultural way of life, thus adding
to the recent emphasis on the “power of place”
in the history of science (4).

Another major focus of Coen’s study is the
scientific and cultural significance of uncer-
tainty. The uncertainty linked to the increasing
cultural and political complexity of fin-de-siècle
Vienna has been blamed for the emergence of
radical movements in politics and art that ulti-
mately undermined the carefully balanced lib-
eral consensus and paved the way for both rela-
tivism and fascism. Coen puts this simplistic
view to rest. She carefully reconstructs how
“uncertainty” and the associated methodology
of statistical reasoning became the foundation
for many of the scientific advances of the Exner
dynasty. Here too, distinctions between sci-
entific methodology and a way of life were
blurred. For the Exners, accepting the complex-
ity of the world and the many different possibil-
ities it entails required the application of a care-

ful method (in both their life and sci-
ence) to arrive at reasoned conclusions
based on incomplete evidence. These
skills would have been honed from early
childhood on, and rather than an
abstract syllogism, the very real figures
of the hunter and the farmer (whom the
Exner children encountered during their
stays at Brunnwinkl) served as a
methodological guide. This reliance on
practical knowledge is reminiscent of
Darwin’s debt to pigeon fanciers and
breeders of animals and plants. As 
in Darwin’s approach, the Exners’
methodological repertoire highlighted
the importance of variation, errors, and
fluctuations in experimental science,
and this emphasis led them to new dis-
coveries in a variety of different disci-
plines. But, insofar as uncertainty is also
a reflection of the many possible sides
of nature and culture (5, 6), the Exners’
focus on capturing rather than taming
chance is yet another expression of their
core values.

The many-sided life of the Exners,
presented so skillfully by Coen, serves

The Many Sides of Science
Manfred D. Laubichler
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Salzkammergut scene. This watercolor by Marie Exner von
Frisch served as the frontispiece to a reminiscence (7) by her
son Hans, a law professor and opponent of the Dollfuss regime.
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to remind us all about the responsibilities of
scientists to not focus only on a specific prob-
lem and to search for connections beyond the
limits of a single discipline. The scientific
ethos, which has helped in the past to establish
an open and liberal society based on free
inquiry and exploration, is once again called
upon to defend these values. Therein lies the
ethical dimension of a scientific way of life.
The satirist Karl Kraus once called Vienna
the “Doomsday Laboratory,” and the city’s
20th-century history shows how fragile the
Exners’ vision of a liberal humanism actu-
ally was. However, as Franz Serafin Exner
noted, only through the dedicated efforts of
us all will we be able to maintain the highly
improbable state of cultural, scientific, and
individual diversity. 
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Steal Away, Music
Jessica Phillips-Silver

Music “steals” us. Far from a passive
fancy that lies ready to be called on
for the pleasure of our ears and

minds, music acts on us. Like the song of the
sirens, it seduces us, capturing the mind and
body and holding them in its reins. Music has
a will of its own when it sneaks up on us with
familiar—even unwanted—tunes, “brain-
worms” that we cannot shake. It taps into
memories and emotions so deep-seated that
they lie well below awareness in Alzheimer’s
disease until music brings them to the surface.
A Parkinson’s patient, unable to will himself
to move, relies on music’s rhythm and moves.
Musicophilia is not only another example of

best-selling author Oliver Sacks’s reper-
toire of fascinating neurological anec-
dotes and skillful storytelling but also a
poignant collection of evidence that
music has a powerful influence on the
human brain.

Stories of bizarre and wonderfully
human experiences of music float some-
where between the mystical and the
medical. The tale of a sudden gift for the
piano delivered by a lightning bolt daz-
zles us, and stories of musical hallucina-
tions and rhythm-induced seizures of the
temporal lobes haunt us. We suspend our
sensory intuitions to imagine our senses
blending like watercolors when a minor
third “tastes salty” or the key of D major
“looks clear green” in music synesthe-
sias. The chapter titles alone titillate the
curiosity, from “Accidental Davening”
to “Papa Blows His Nose in G.”

Sacks (a professor of clinical neurol-
ogy at Columbia University) is most at
home telling stories of people afflicted
by brain damage and deterioration, an
inclination revealed by his sensitivity to
the unpredictable range of neurological
events that carry each patient on a unique
mental and emotional journey. Sacks relates
his patients’ stories with honest insight and a
delicate reverence. Moments of humor sur-
prise us, as in the story of the charming Louis,
an elderly gentleman with frontotemporal
dementia whose loss of inhibition leads him to
sing incessantly while chasing after a plate of
cookies like an unabashed child.

Gently, we are moved from the funny to
the devastating with Clive, a severe amnesic
for whom life does not exist beyond the span
of several agonizing seconds, except when
conducting music or playing the organ. Clive
exists only in the present and
only through music. When the
music stops, so does existence,
and he returns to an “abyss” of
nonbeing. And we scientists
ask, is music adaptive?

Sacks’s golden nugget in
Musicophilia is his insightful
description of the ways in
which certain brain functions
that are normally suppressed
get released through damage to others.
Damage to the dominant hemisphere, for
example, can result in a disinhibition of per-
ceptual abilities associated with the nondom-
inant hemisphere. Thus, through disease or
mere aging, individuals, even those who were
once artistically or musically naïve, can gain
access to perceptual and creative powers.
Deafness can lead to musical hallucinations,

blindness can lead to music synesthesia, and
the disinhibition that occurs in fronto-
temporal degeneration can lead to sudden,
excessive musicality. A shift to right-
hemisphere dominance resulting from a
lack of normal suppression by the left tem-
poral lobe might contribute to the dispro-
portionate musical abilities in savants and
people with Williams syndrome.

Neuroscience is delving deep into the
brain’s musical networks: from the subcorti-
cal and cortical structures of musical emo-
tion, to the integration of auditory and motor
areas in rhythm; the effects of music training

and mental imagery on plasticity,
to the role of body maps in musi-
cian’s dystonia; the asymmetry of
the planum temporale in absolute
pitch, to the genetic basis of amu-
sia. The field of music neuro-
science is young, however, and
Sacks’s essays are equally nour-
ished by the poetic philosophies of
Nietzsche, Eco, and Schopenhauer
and the music of Chopin, Chico

Marx, and the Grateful Dead. Some mysteries
of our creative impulse—the paradoxical way
that sad music gives us pleasure, the unique
force with which rhythmic music brings a
dancing crowd to ecstasy—might just tran-
scend the limits of reason. “The power of
music,” says Sacks, “whether joyous or
cathartic, must steal on one unawares.”

10.1126/science.1154420
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EDUCATIONFORUM

Biology education and medical educa-
tion are under scrutiny. The essence
of the critique is that introductory

biology courses for undergraduates and
basic science courses in medical schools
overemphasize “factual minutiae” [(1), p.
1343] over the things that working biolo-
gists and physicians claim students actually
need to master—specifically, critical think-
ing and professional skills (2–4). The
Medical College Admission Test (MCAT)
has been accused of hindering efforts to
introduce more critical thinking into intro-
ductory biology courses (3), and the
Advanced Placement (AP) Biology course
has come under fire for stressing rote mem-
orization (5, 6). Are these criticisms valid?
If so, why is there a disjunction between
what future biologists and physicians need
to know and what they are taught?

To test the hypothesis that some 
biology-related exams emphasize factual
recall, we used Bloom’s taxonomy (7–9) to
quantify the level of learning that students
are asked to demonstrate on a sample of
course exams and standardized tests. Our
approach was inspired by literature that
uses Bloom’s taxonomy to evaluate test
questions and student learning (9). The tax-
onomy identifies six levels of understand-
ing. The first four levels (knowledge, com-
prehension, application, and analysis) are
hierarchical, meaning that a student must
know and understand a topic in order to
apply it to a new situation or analyze it.
Only levels 3 through 6 (application, analy-
sis, synthesis, and evaluation) are consid-
ered higher-order thinking (10, 11).

The exams we analyzed came from five
sources: AP Biology, introductory biology
courses for undergraduate majors from
three universities in our region, the biology
section of the MCAT, the biology Graduate
Record Examination (GRE), and five first-
year medical school courses from an institu-

tion with a traditional
curriculum.

Three experts in
biology education as-
sessed 586 questions
drawn at random from
these five sources and
used Bloom’s taxon-
omy to assign a Bloom’s
rating of 1 to 6 to each
question (see chart, p.
415). The ratings were
done blind, and inter-
rater agreement was high (11). Before com-
paring ratings, we weighted them to reflect
their point value relative to the other ques-
tions sampled from the same exam (11).
Using the weighted ratings, we compared
the proportion of higher-order questions
among exam sources and the mean ratings
among exam sources using F tests based on
linear regression (see table, above).
Significance levels for pairwise tests were
based on Hommel’s correction for multiple
comparisons.

Debunking the “MCAT Myth”
The strongest pattern in our data is the
strength of the MCAT exam, which is a good
predictor of success in medical school (12,
13). The MCAT has a greater proportion of
questions that demand higher-order thinking
than our sample of first-year medical school
courses (P = 0.002); on average, its ques-
tions also have a higher average-weighted
rating (P < 0.0001). These results provide
quantitative support for opinions that at least
some traditional first-year medical courses
are too low-level (1, 4) and, instead, support
instructional models that emphasize clini-
cally oriented problem-based learning or
case-based learning in the first and second
year of medical school [e.g. (14)].

When the MCAT is compared with AP
Biology or the undergraduate exams in our
sample, there is no significant difference in
average-weighted Bloom’s rating or the pro-
portion of higher-order questions. This is
noteworthy because the MCAT is strictly
multiple choice, whereas the AP exam and
several of the undergraduate exams include
essay and short-answer questions. Questions

that demand written answers have a much
higher average-weighted Bloom’s rating
[AP exam, P = 0.003, and the undergraduate
exams in our sample, P = 0.0002]. When
only multiple-choice questions are included
in the analysis, the MCAT and GRE exams
have weighted Bloom’s ratings that are sig-
nificantly higher, on average, than the other
three sources of exams (table S1 in support-
ing online material) (11).

The MCAT also has the lowest percent-
age of knowledge-level questions (see chart,
p. 415) and the highest average raw question
rating of any of our five exam sources (see
table, above). These data belie the percep-
tion that the MCAT is based heavily on con-
tent knowledge and that biology courses
must therefore focus more on facts than on
skills such as teamwork and the analysis of
quantitative evidence (15).

Taken together, these observations suggest
that the biology portion of the MCAT fulfills
its stated goal of assessing problem-solving
ability and critical thinking, in addition to
mastery of basic biology concepts (16).

Should the AP Biology Course and
Undergraduate Biology Courses Be Reformed?
We found no significant differences in the
proportion of higher-level questions or
weighted mean Bloom’s ratings in AP biol-
ogy exams versus the undergraduate exams
in our sample. This is surprising, given the
extent of criticism that the AP Biology
course has received and the College Board’s
current effort to reform the course with the
goal of emphasizing higher-order thinking.

Two observations are relevant here.
First, an F test confirms significant hetero-

Analyses of questions that evaluate critical
thinking, from college placement and medical
school admission examinations, suggest
improvements to college teaching methods.
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geneity among the three undergraduate
institutions in our sample in terms of pro-
portion of higher-level questions (P = 0.03)
(11). Thus, even our small sample indicates
that some undergraduates are being chal-
lenged with a greater proportion of higher-
order questions in their introductory
courses than others. This result suggests
that some undergraduate courses need to be
reformed to emphasize higher-order think-
ing skills. Second, the AP Biology exam 
we analyzed contained 120 lower-level 
multiple-choice questions worth 60% of the
total score and four higher-level essay ques-
tions worth 40% of the total score. These
exams tested a low-level understanding of a
wide array of topics but a higher-order
understanding of just four. Thus, criticism
(5, 6) of the AP Biology as low-level may be
valid, even though the four essay questions
are weighted heavily enough to preclude
statistically significant differences with the
undergraduate exams in our sample.

In addition, the College Board currently
validates its exams by having college stu-
dents take AP exams (17). Because of the
AP Biology exam’s unusual structure, AP
coursework should instead be validated by
having students from AP courses take
college exams. 

Disjunction Between Goals and Practice
Is there is a conflict between what under-
graduates are being taught and what profes-
sional biologists and practicing physicians
think students need to master? According to
our data, this disjunction may be present in
biology courses that assess students using
only multiple-choice questions and in some
traditional medical school curricula. Part of
the solution may lie in dispelling the MCAT
myth—“freeing” introductory biology in-
structors to assess at a higher level by con-
vincing them that the MCAT tests more
than factual recall. Faculty could also be
reassured that because of the hierarchical
nature of levels 1 through 4 of Bloom’s tax-
onomy, content isn’t “lost” when exams
focus on applying and analyzing knowledge
and concepts.

Another part of the answer is more prac-
tical. It is much more difficult to write mul-
tiple-choice questions at the application and
analysis levels of Bloom’s taxonomy than at
the knowledge or comprehension levels
(18). Experienced practitioners estimate that
writing one “good” multiple-choice ques-
tion takes an hour (19). In addition, students
perform better on questions that test factual
recall than on questions that test their ability
to explain or apply concepts (20). Writing

and taking exam questions that test memo-
rization is much faster and easier—for both
student and teacher—than writing and tak-
ing exam questions that test higher-order
thinking. Our data suggest that there is an
urgent need for instructors to create and
share multiple-choice questions that test at
higher levels of Bloom’s taxonomy. The
higher orders of thinking are not restricted to
essay questions—the MCAT and GRE show
that multiple-choice questions can be con-
structed to test these higher orders of
Bloom’s taxonomy.

Using Bloom’s Taxonomy as a Tool
The general goal of this study was to
explore how researchers might use Bloom’s
taxonomy to quantify and compare levels
of assessment from different exams.
Because our sample of undergraduate biol-
ogy courses or f irst-year medical school
courses is small, further analysis should
be done for a larger sample of schools,

including medical schools with first-year
courses that stress clinical application in a
problem-based or case-based learning
framework.

Because the AP, GRE, and MCAT exams
are nationally standardized, however, our
assessment of the biology questions on
these exams should be robust. It would be
interesting to compare the results reported
here with analyses of exams from other AP
courses in math and science, the Bio-
chemistry GRE, Dental Admission Test,
Nursing Entrance Exam, and Pharmacy
College Admission Test. Bloom’s taxonomy
offers a tool for assessing the level of
instruction in individual classrooms, moni-
toring curriculum changes, and making
interinstitutional comparisons.
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PERSPECTIVES

Darwin relied on fossils, morphology,
and geographical distribution to
glean important clues about the his-

tory of life. Today, natural historians can study
organisms’ history of change and adaptation
by probing the DNA record. Whether to eluci-
date evolutionary relationships of genes and
species or spot the amino acid changes driven
by selection, we need to be able to generate
accurate alignments of DNA sequences. On
page 473 of this issue, Wong et al. (1) provide
some important caveats on how this can go
awry and how to avoid alignment bias.

Sequence alignment is how we identify the
similarities in a set of sequences derived from
a common ancestor. For very similar genes or
proteins we can do this manually, but the
alignment of more divergent sequences that

have been peppered not only with substitu-
tions, but also with insertions and deletions
(collectively known as indels), is particularly
challenging. The uncertainty in identifying
the precise number and length of indels as
well as their exact placement (2) creates a
multitude of potential ways of aligning dis-
tantly related sequences, a computational
problem that has given rise to a cadre of align-
ment-generation programs, each based on a
different optimization algorithm (3).

For years, the standard protocol has been to
pick a favorite algorithm to optimize the align-
ment it generates. This approach is fast and
easy, but it is like being forced to always settle
on vanilla ice cream for dessert; doing so can
taint one’s opinion about ice cream. Similarly,
sticking to the use of a single alignment from a
single algorithm can bias the estimation of phy-
logenies (4) or of other evolutionary parame-
ters pivotal to our understanding of the DNA
record. Until now, the extent and potential sig-

nificance of this bias introduced by alignment
was unknown. Wong and colleagues quantify
the contribution of alignment uncertainty to
genome-wide evolutionary analyses and report
that we sweep this uncertainty under the prover-
bial rug at our peril (1). 

Using yeast data, Wong et al. collected 1502
different genes across seven genomes and
aligned each of them using seven popular pro-
grams. The term “popular” is not used lightly
here; these programs have been employed,
judging by citation counts, in at least 25,000
analyses. To assess whether the choice of align-
ment method affects evolutionary analyses, the
authors generated gene phylogenies and pre-
dicted the amino acid acid changes driven by
selection for every possible gene by alignment
combination. They report that a staggering

46.2% of the genes examined exhibit variation
in the phylogeny produced dependent on the
choice of alignment method, whereas the pre-
diction of the amino acid changes driven by
selection was likewise method dependent for
another 28.4% of the genes. 

One potential, and perhaps trivial, expla-
nation is that certain alignment methods are
particularly error-prone, thus inflating their
impact. However, examination of the inferred
phylogenetic trees and amino acid changes
driven by selection revealed that all alignment
methods contributed substantially to the sen-
sitivity of evolutionary analyses to the choice
of method. A case in point is the gene
YPL077C, whose seven alignments produced
six different phylogenies. Furthermore, a
Bayesian measurement of alignment variabil-
ity (see the figure) (5) was significantly corre-
lated with the variability in phylogenetic infer-
ence. Consequently, these results argue that
the observed uncertainty in inference is likely
explained by the fact that some genes were
much more difficult to align than others and
thus challenging to all alignment methods. 

Should we all revisit our evolutionary 

studies because we haven’t properly accounted
for uncertainty in alignment? Some of the dis-
agreements observed across the molecular evo-
lution and comparative genomics literature
may be the result of alignment differences, but
there is good news too. To begin with, several
popular markers for evolutionary analyses
became popular in the first place because they
are easy to align. These genes are unlikely to
exhibit variation in alignment and hence
unlikely to be affected by the results of Wong et
al., although this is not always so (4).
Furthermore, the authors show that when the
seven alignment treatments per gene result in
two or more phylogenetic trees, the resulting
trees rarely receive high “bootstrap” values (1),
a popular index that uses resampling with
replacement to measure robustness in infer-

ence. In other words, high bootstrap values may
serve as a proxy to weed out artifactual group-
ings stemming from alignment uncertainty,
although bootstrap values do not always equate
with phylogenetic accuracy (6). 

But what about all the other genes that are
harder to align? One popular approach has
been to exclude areas of uncertain alignment,
and programs exist that do just that (7).
Whether the application of such “filters”
reduces the alignment-generated incongruence
is currently unknown, although exclusion of all
sites containing indels in the 1502 gene set does
not appear to alleviate uncertainty (1). 

In any case, filtering is unsuitable for stud-
ies where information from every site is
potentially informative, or for studies of selec-
tion where fast-evolving sites may be pre-
cisely those that are the most difficult to align.
To tackle analyses of such data sets, several
novel statistical methods that simultaneously
estimate alignment and evolutionary parame-
ters of interest such as phylogeny have shown
exceptional promise (5, 8, 9). These methods
allow us to replace single best alignments by
alignment distributions representing our cer-

Algorithms that align DNA sequences can
introduce bias and uncertainty into
evolutionary analyses.Lining Up to Avoid Bias
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tainty, or otherwise, about them. But there’s a
catch: The computational demands of these
programs are prohibitive.

As in any scientific field, molecular evolu-
tion has a long tradition of dramatic transfor-
mation. The development of a powerful com-
putational and statistical arsenal to account for
the uncertainty stemming from sequence
alignments is heralding the first paradigm
shift in the era of genome-scale analysis.
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adaptation system? Can system identifica-
tion methods, such as those used by robotics
engineers, describe the signaling dynamics of
the dominant negative-feedback loops? To
apply systems engineering methods, an input
signal must be created and an output response
signal must be recorded. Mettetal et al. varied
the concentration of sodium chloride in the
cell media, thus exposing cells to square-
wave pulses (alternating between two values
for an equal amount of time) of osmotic pres-
sure. The output response recorded was the
ratio between nuclear-localized, active Hog1
and Hog1 within the entire cell. 

For designing complex systems, a success
is claimed if the output response of a system to

an external input signal can be mathe-
matically predicted. Viewed only in
terms of its input and output character-
istics, the osmo-adaptation pathway
loses its inner biological structure and

becomes what is referred to as a
“black box.” The authors developed a
black-box mathematical model for the
osmo-adaptation pathway. They esti-
mated parameters of the model from 
measurements using square-wave
pulses of variable frequencies, then
validated the predictive power of the
model using a step input—one that
switches on at a definite time and
remains on indefinitely—of sodium
chloride. Because gene regulatory net-
works contain many unknown molec-
ular components, a black-box mathe-
matical model is the best achievable
solution in various situations.

The ultimate goal, however, is a
mathematical model for a white
box, in which all the molecular com-
ponents and their interactions are
known. The road toward this goal is

paved with intermediate gray-box models
containing some biological inner struc-
tures. Toward this end, Mettetal et al. trans-
form the black-box mathematical model
into a gray one that successfully incorpo-
rates the first two of the three osmo-adapta-
tion feedback loops described. In doing so,
they discovered that the dynamics of the
osmo-adaptation response are dominated
by the fast-acting Hog1-dependent negative
feedback loop that does not require a
change in gene expression.

The hope is to include other molecular
components and feedback loops into a
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We live in a sea of vibrations, detect-
ing them through our senses and
forming impressions of our sur-

roundings by decoding information encrypted
in these fluctuations. Such periodic phenom-
ena range from circadian oscillations in living
cells (1) to acoustic oscillations in the primor-
dial universe (2). Passively observing periodic
phenomena is scientifically rewarding, but
actively using periodic stimuli to observe the
hidden wonders of nature is even more so. On
page 482 of this issue, Mettetal et al. (3) report
using oscillatory stimuli to decipher how an
organism—the yeast Saccharomyces cere-
visiae—responds to environmental changes.
By constructing a predictive mathematical
model for specific signaling pathways (4),
they show that oscillatory stimuli can be used
to study how networks of proteins and genes
are engaged by a living system to control
physiological behavior. 

Many scientific studies hinged on creating
oscillations to study natural systems. The idea
of electromagnetic waves was implicit in
James Maxwell’s theory, but it was Heinrich
Hertz’s electric oscillators that created and
measured their properties, thus confirming
light waves as electromagnetic radiation, the
most striking victory of 19th-century experi-
mental physics (5).

Although the use of oscillatory stimuli to
study how networks of proteins and genes reg-
ulate gene expression is theoretically valuable
(6), implementation of this procedure is not
obvious because the possibilities for construct-

ing genetic oscillators are lim-
ited, at present. It takes inge-
nuity to find a molecular path-
way that responds to an oscil-
latory signal, much less an
experimental procedure to
create these oscillations. Fur-
thermore, these oscillations
must produce detectable re-
sponses. Mettetal et al. fulfill
these constraints by studying
a signaling pathway in yeast
that responds to changes
in environmental osmolarity.
Glycerol is the main yeast
osmolyte and its concentra-
tion is controlled in part by
the high-osmolarity glycerol
(HOG) signaling pathway that
involves the enzyme Hog1.
By adjusting the export rate
of glycerol through the cell
membrane, yeast maintain
osmotic balance. 

Mettetal et al. studied
three negative-feedback loops of the HOG
pathway. One loop controls glycerol concen-
tration through the membrane protein Fps1,
and depends on the amount of active Hog1
in the nucleus. A second loop also involves
Fps1, but is controlled by osmotic pressure
across the cell’s membrane and the concen-
tration of intracellular glycerol. A third loop
is Hog1 dependent and acts on glycerol con-
centration by increasing the expression of
genes encoding the glycerol-producing pro-
teins Gpd1 and Gpp2. 

Which of the three negative-feedback
loops dominate the dynamics of this osmo-
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more detailed mathematical model. This
will require new techniques to generate
molecular input signals—perhaps based on
photons rather than chemicals—for tuning
gene expression and protein degradation (7,
8). The study by Mettetal et al. is part of a
large effort to blend the biological and math-
ematical structure of living systems and
understand living systems not as collections
of machine parts, but as stable, complex

dynamic organizations (9). Hopefully, 21st-
century systems biology will claim victories
as striking as those of Maxwell and Hertz.
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On page 453 of this issue, Luguet et al.
address a key question in geology (1):
Can we determine the provenance of

hot-spot lavas by geochemical means? The
authors show that the chemistry of Earth’s
mantle is too heterogeneous to allow the
detection of chemical or isotopic signatures of
the “mantle plumes” widely held to cause hot-
spot volcanism (see the figure).

For decades, mantle geochemists have tried
to find a clear isotopic or chemical signature of
Earth’s outer core in oceanic basalts, which are
produced along mid-ocean ridges or at isolated,
intraplate islands such as the Hawaiian chain.
The latter are often assumed to be associated
with deep-rooted upwellings called mantle
plumes. Detection of a geochemical signature
unambiguously linked with the outer core in
such an intraplate basalt would make a very
strong case for mantle plumes that originate at
the core-mantle boundary (~2900 km below
the surface). This would, in turn, have impor-
tant implications for our understanding of
large-scale mantle convection, the long-term
stability of different mantle regions, and other
fundamental aspects of Earth’s interior.

The platinum-osmium (Pt-Os) and rhe-
nium-osmium (Re-Os) isotopic systems have
played a dominant role in these studies. 190Pt is
a rare platinum isotope that decays to 186Os
with a very long half-life of ∼450 billion years.
187Re is the most abundant rhenium isotope and
decays to 187Os with a half-life of ∼42 billion
years. Over time, a system with fractionated
(that is, changed) Pt/Os and Re/Os elemental
ratios will develop 186Os/188Os and 187Os/188Os
ratios that are different from those in a system
in which these elements were not fractionated.

(The stable isotope 188Os is
used for normalization.) 

Earth’s mantle was
strongly depleted in osmium,
platinum, and rhenium dur-
ing core formation, because
these elements tend to move
into metallic phases. If the
osmium concentration is
much higher in the liquid
outer core than in the sur-
rounding mantle, mixing a
little bit of outer-core mate-
rial back into the mantle at
the core-mantle boundary
will change the local osmium
isotopic composition to re-
semble that of the outer core.
And if the osmium isotopic
composition of the outer
core is very different from
that of the upper mantle, it
might be detected in lavas
brought to Earth’s surface.

This is a great idea.
Excitement therefore fol-
lowed the discovery of
enhanced 186Os/188Os and
187Os/188Os ratios in Hawai-
ian basalts; a case was made
for an outer-core origin of
this isotopic signature (2). The logic was that
the measured osmium isotopic ratios, partic-
ularly 186Os/188Os, would not normally exist
in the mantle, but that inner-core solidifica-
tion could produce the required fractiona-
tion of osmium, platinum, and rhenium in
the remaining outer core. Finally, geologists
had what looked like proof of a deep origin
of a proposed mantle plume. 

But as the assumptions behind the
model were examined, problems appeared.

First, modeling of osmium,
platinum, and rhenium
fractionation between the
solidifying inner core and
the molten outer core is
largely unconstrained. We
do not know with certainty
either the light-element
composition of the outer
core or the crystal structure
of the solid inner core. We
know even less about the
fractionation behavior of
these elements between the
inner and outer core.

Second, when the frac-
tionation of osmium, plat-
inum, and rhenium between
the inner and outer core was
tuned in the model to fit the
data from the Hawaiian
basalts, the extremely long
half-life of 190Pt required the
inner core to have started to
crystallize early in Earth’s
history. This conclusion is in
direct conflict with geophys-
ical studies of the evolution
of the inner/outer core
system (3).

Third, an osmium iso-
topic signature from the outer core should be
accompanied by a distinct signature in the iso-
topic composition of tungsten. This signature
was not found (4). 

Finally, osmium isotopic analyses of other
mantle-derived materials showed that the
upper mantle is very heterogeneous and that
the Os isotopic “anomalies” detected in the
Hawaiian basalts were probably not that
anomalous (5). For example, certain mantle
sulfides could have the appropriate Pt/Os and
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Mantle complexities. Thermally
driven upwellings in the mantle—so-
called mantle plumes—are often
envisioned to originate at the core-
mantle boundary, from which they
rise to create the hot-spot volcanism
seen, for example, in Hawaii. Un-
ambiguous geochemical signatures
of the outer core in such hot-spot
basalts would prove the existence of
deep-rooted mantle plumes, with
important implications for large-
scale mantle dynamics. But the
detection of geochemical signatures
uniquely tied to the outer core is
severely complicated by a very high
degree of upper-mantle heterogene-
ity, as shown by Luguet et al.
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Re/Os fractionations to develop the observed
186Os and 187Os enrichments (5, 6), although
data supporting such a model were sparse.

Luguet et al. now provide the chemical and
isotopic data to support this model. Their
results radically change the basis on which
osmium isotopic compositions from mantle-
derived materials are evaluated. There is no
longer a need to invoke an outer-core input to
explain the osmium isotopic compositions of
mantle-derived materials. And there is no geo-
chemical smoking gun for a core-mantle
boundary origin of the Hawaiian intraplate
volcanism. Instead, there is evidence for a
very high degree of geochemical heterogene-
ity in the upper mantle. This is not only true
for the osmium isotopic systems; it seems to

be generally true and has important conse-
quences for explaining the origin of isotopic
“anomalies” in mantle-derived materials.

Geochemical heterogeneity is introduced
into the mantle, for example, by subduction of
sediments, oceanic crust, and lithosphere, and
by melt extraction. Other processes can also
contribute to the creation of a range of geo-
chemical components in the upper mantle. All
these processes redistribute (fractionate)
major and trace elements among different
minerals, fluids, and melts, which in turn
allows different components to evolve along
divergent isotopic trajectories.

The concept of isotopic “anomalies” in
oceanic basalts thus has to be applied with
extreme care. Indeed, with an upper mantle

as heterogeneous as the data by Luguet et
al. suggest, it is difficult to imagine that
isotopic signatures in oceanic basalts can
be uniquely tied to the outer core. The
debate about the existence and possible ori-
gins of deep-rooted mantle plumes will
most likely have to be settled with geo-
physical methods.
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Materials scientists predict that com-
posites made with nanoscale rein-
forcing materials such as nano-

tubes, platelets, and nanofibers will have
exceptional mechanical properties. However,
the results obtained so far are disappointing,
particularly when compared to advanced
composites reinforced with high-performance
continuous fibers (1–4). The reasons include
inadequate dispersion and alignment of the
nanoreinforcement, low nanoreinforcement
volume fraction, and poor bonding and load
transfer at interfaces. Intensive work is under
way, but the prospect of bulk structural super-
nanocomposites appears more remote now
than it did just a few years ago. However,
recent work shows that some applications in
reinforcement of small structures may have a
near-term payoff that can foster longer-term
work on nanocomposites. 

Most of the work on structural nanocom-
posites has relied on ultrastrong nanoreinforce-
ment such as single-walled carbon nanotubes
(SWCNTs) (1–3). However, the high SWCNT
strength has not yet translated into bulk
strength, and it is not even clear whether such
translation is possible: Any attempt to create
strong interfacial bonds will introduce defects
into the SWCNTs that reduce their intrinsic
strength. Still, multifunctional applications not

relying solely on the mechanical superproper-
ties will benefit (4, 5). Tailorability and con-
trolled anisotropy are other useful special fea-
tures of nanocomposites. Multiscale modeling
(6) will help us achieve the desired balance
between various functions.

One frequently overlooked characteristic
of nanoreinforcement is its small size. Various
miniature and confined structures can benefit
from the improved performance and tai-
lorability of nanocomposites, including ultra-
thin coatings, membranes, films, and fibers;
dental prostheses; structural elements in
micromachines and micro- and nanoelectro-
mechanical systems (MEMS/NEMS); thin
walls in foams and aerogels; and connections
in microcircuits. With the notable exception of
nanoreinforced fibers (1, 2), work on the use
of nanoreinforcement in microstructures has
been slow, but progress is expected to acceler-

ate with the development of more robust
nanomanufacturing processes.

Another promising area of research in-
volves solving structural problems that occur
in small critical volumes, especially weak
spots requiring nanoreinforcement and
regions with high localized stress concentra-
tions. Various microdefects and weak inclu-
sions or inhomogeneities represent the former
type, whereas sharp structural corners and
crack tips are examples of the latter. Cases
where both conditions occur simultaneously
are the best candidates. 

The use of nanocomposites in microscopic
structures or critical volumes requires careful
multiscale structural design as well as devel-
opment of techniques to incorporate the
nanocomposite in the desired microcompo-
nents. Although the challenges may be great,
the resulting applications can be achieved

Reinforcement of small structures and 
critical volumes with nanomaterials may
enable near-term applications that can 
drive longer-term research.
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A pathway to supernanocomposites? (Left) Advanced laminated composite with nanofiber-reinforced
interfacial layer. (Right) In situ observation of interlaminar toughening nanomechanisms including Velcro-
like crack bridging by nanofibers.
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with considerably lower cost relative to the
bulk applications, while providing substantial
improvements in the overall structural per-
formance by applying the nanoreinforcement
where it is most needed and/or where there are
no alternatives. 

On the basis of these principles, my col-
leagues and I created an advanced laminated
composite with nanoreinforced interfaces
(7). Delamination is a severe and persistent
problem in laminated composites made of
anisotropic fiber-reinforced plies (8). High
interlaminar peel and shear stresses near
edges initiate delamination cracks that propa-
gate along the nonreinforced interlaminar
planes with little resistance. Delamination
substantially reduces the load-carrying
capacity and durability of advanced compos-
ites and has led to disastrous structural fail-
ures. Since the discovery and explanation of
the mechanisms of delamination in advanced
composites in the early 1970s, researchers
have tried to improve delamination resist-
ance. Most designs, however, resulted in cost
and weight penalties. 

Nanofibers or nanotubes can be used to
reinforce interfaces in advanced laminated
composites (7) (see the figure). Entangled
nanofibers improve interlaminar fracture
resistance much like the hooks and loops
in Velcro. Experiments with advanced
aerospace-grade carbon-epoxy composites
showed that a minute quantity (less than 1%
by weight) of polymer nanofibers improved
the static and fatigue peel and shear interlami-
nar fracture toughness. We observed that
crack deflection, nanofiber pull-out, plastic
deformation, and crack bridging all played a
part. Moreover, recent computer simulations
also confirmed reduction of the edge stresses
in the laminates with the nanoreinforced inter-
faces (9). These improvements are achieved
without any measurable increase of weight or
decrease of other composite properties. As
delamination is known to have a detrimental
effect on the overall composite performance
(8), the observed improvements can be
expected to lead to increases in composite
strength, durability, and impact resistance. 

In this and similar (10) hybrid nano-micro
composite designs, the small-scale reinforce-
ment strengthens the ultrathin matrix-rich lay-
ers. These microvolumes are critical for two
reasons: They are weak (nonreinforced) and
they experience high stress concentrations.
The designed three-dimensional nanorein-
forcement, with the combination of inter-
locked in-plane and out-of-plane nanofibers,
successfully resolves both of these issues. The
design may enable low manufacturing costs,
as the nanofibers are used in ultrasmall quan-

tities and their introduction into composites
can be integrated with existing composite
manufacturing technologies.

Other designs along these lines are pos-
sible. For example, fiber-matrix interfaces
engineered with bonded nanoparticles
show enhanced energy dissipation via a
variety of mechanisms. Such interfaces
modified by grown carbon nanotubes have
exhibited increased interfacial shear
strength (1). Nanoreinforcement of adhe-
sive layers, contacts in sintered particu-
lates, or grain boundaries in polycrystalline
ceramics and metals can also be pursued. In
general, any interface, inclusion, inhomo-
geneity, or interstitial volume in heteroge-
neous materials represents a promising
nanocomposite application. This should
lead the use of nanomaterials as nanorein-
forcement in the near- and medium-term
time frames, while providing impetus for

the long-term development of bulk struc-
tural supernanocomposites.
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Imagine a search-and-rescue robot that
can change shape to squeeze through
crevices with the suppleness of an octo-

pus, or an aircraft skin with a circulatory sys-
tem that enables temperature regulation,
cooling, and self-healing similar to an ani-
mal. Such concepts are driving the develop-
ment of adaptive composites that mimic bio-
logical responsive functionality while operat-
ing in extreme environments.

Traditionally, the high-performance, load-
bearing substructures of aircraft, satellites and
robots are designed for structural efficiency.
Thus, they are rigid and passive; active func-
tions such as sensing, energy harvesting, and
propulsion are added by attaching components
to the structure. This compartmentalization of
functions into attached subsystems stream-
lines manufacturing and maintenance and
facilitates upgrades (1). Advanced passive
material technologies, such as continuous-
fiber organic-matrix composites, have revolu-
tionized applications from sporting equipment
and prosthetics to satellites and aircrafts.

However, this approach is in stark contrast
to natural organisms, in which flexible,
jointed frameworks and complex materials
impart active functionality at multiple length
scales within the materials (see the figure).
The realization of analogous synthetic struc-
tures depends on the combination of new
materials that deliver active properties and
autonomic response, as well as new computa-
tional tools that enable design, analysis, and
optimization of the collective and hierarchical
dynamic character. 

The transformation of a rigid substructure
to a dynamic, articulated structure is particu-
larly interesting for the aerospace industry.
Large-scale actuated bending, extending, and
folding structures would enable the deploy-
ment of large-scale antennae in space and
the development of morphing wings on
unmanned aerial vehicles. Other applications
for new adaptive materials include energy-
efficient locomotion and concealment. 

Materials with reversible property changes—
such as piezoelectric ceramics—have been
studied for at least 100 years (2), but these
materials have been monolithic. In contrast,
new multicomponent, hierarchical material
systems are inspired by biology. For example,
a cell’s ability to change shape and recover

Materials are under development that can respond dynamically to changes in their environment.
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from large deformations arises in part from
the arrangement of actin filaments in the
cellular cytoplasm (3). Similar highly
deformable networks can be created from cel-
lular materials, bistable composite laminates,
and bimorph strips. Alternatively, the elastic
buckling of carbon nanotube mats (4) and
arrays (5) may be used to store and recover
substantial amounts of strain energy.

Combining these concepts with materials
that exhibit a reversible stiffness enables trap-
ping and subsequent release of the mechanical
deformation. For example, the stiffness of
shape-memory polymers can be reversibly
changed between a thermoplastic glass and an
elastomer when triggered (by temperature or
other means) and will “remember” their orig-
inal shape as they are softened. Studies on the
International Space Station recently showed
that hinges made from an elastic memory
composite (consisting of predeformed carbon
fibers in a shape-memory polymer matrix) are
a viable replacement for current complex
mechanical hinges used for unfurling struc-
tures such as solar arrays (6).

Reversibility needs to be triggered easily
and controllably. The trigger for mechanical
property changes is usually temperature, which
can limit the speed of the transition and compli-
cates control systems. Recent demonstrations
of other triggering stimuli have broadened the
suite of possible control concepts.

For example, Baughman and co-workers
used a coating of catalytic nanoparticles on a
shape-memory alloy wire to convert enough
chemical energy to thermal energy to trigger a
shape recovery of the wire (7). Advances in
understanding natural systems are also high-
lighting chemical triggers. For example, addi-
tion of acetylcholine and calcium ionophores
shifts the iridescence of the mantle iri-
dophores of the cephalopod Lolliguncula bre-
vis from red to blue, providing dynamic
coloration. Recombinant derivatives of com-
parable proteins have been self-assembled in
vitro to form fibers and diffraction gratings
with dynamic coloration (8).

Radiation can also be used as a trigger for
adaptive response. Recent advances in opti-
cally triggered, reversible colloid surface
chemistry (9) may lead to rheological fluids
that do not require a bias to maintain
an ordered electrical or magnetic state.
Photoisomerization on the molecular scale
can alter liquid-crystal phase stability or con-
trol domain orientation, resulting in substan-
tial changes in mechanical and optical charac-
teristics (10). Koerner and co-workers used
carbon nanotubes dispersed in shape-memory
polymers to trigger shape recovery both elec-
trically and optically (11). Finally, Buckley

and co-workers have presented a scheme for
shape-changing medical devices activated by
radio-frequency radiation (12).

Materials for adaptive composites need
not be restricted to solid constituents, but can
incorporate fluid networks. For example,
Sottos and co-workers have developed a self-
healing system based on a three-dimensional
microvascular network embedded in the sub-
strate (13). The network autonomously deliv-
ers a healing agent to repair cracks in a dam-
aged polymeric surface sheet. 

Natural systems also provide inspiration
for design and pumping concepts for circula-

tion. For example, the heart of the zebra fish
efficiently pumps fluids along a longitudi-
nally graded channel via resonate coupling of
an excitation. Also, the xylem and phloem
vessels of vascular plants exemplify the bene-
fits of axially graded channel walls.

By including fluids and associated mass
transport within a composite, many active
functions—such as thermal management,
variable modulus, and dynamic optical trans-
mission—can be envisioned. However, the use
of fluids also poses substantial challenges,
because the resulting materials are more
complex and less durable. For example, pores
and voids are known to drastically reduce
strength in engineered materials. However,
recent reports indicate that the strength and
toughness of composites is less impacted by
embedded channels than by voids that form
during processing (14).

Even with this ever-expanding array of
material concepts, adaptive composites will
fall short of their perceived potential without
the development of verified, validated, and
streamlined computational design tools that
capture the properties of the many possible
configurations or states. Further complexity
arises in considering control concepts for
these multiple active materials.

Alternative concepts such as emergent,
morphogenic, or evolutionary design may be
best adapted to deal with this complexity. For
example, Stoy and Nagpal have provided ele-
gant computational examples of how a set of
local control rules can be used to construct
mobile robots or self-repairing structures
from discrete reconfigurable pieces (15). The
challenge is how to harness these concepts
with the process and fabrication tools of mate-
rials science and nanotechnology.

References
1. R. Pfeifer et al., Science 318, 1088 (2007).
2. D. Leo, Engineering Analysis of Smart Material Systems

(Wiley, Hoboken, NJ, 2007).
3. D. E. Ingber, FASEB J. 20, 811 (2006).
4. B. I. Yakobson, L. S. Couchman, J. Nanopart. Res. 8, 105

(2006).
5. A. Cao et al., Science 310, 1307 (2005). 
6. NASA, Elastic Memory Composite Hinges Tested on

Shuttle, NASA Tech. Briefs 31(3), 20 (2007).
7. V. H. Ebron et al., Science 311, 1580 (2006).
8. R. M. Kramer et al., Nature Mat. 6, 533 (2007).
9. E. C. Nelson, P. V. Braun, Science 318, 924 (2007).

10. C. J. Barrett et al., Soft Matter 3, 1249 (2007).
11. H. Koerner et al., Nature Mat. 3, 115 (2004).
12. P. R. Buckley et al., IEEE Trans. Biomed. Eng. 53, 2075

(2006).
13. K. S. Toohey et al., Nature Mat. 6, 581 (2007).
14. A. Kousourakis et al., Compos. Struc. 75, 610 (2006). 
15. K. Stoy, R. Nagpal, Proceedings IEEE/RSJ International

Conference on Intelligent Robots and Systems (IROS , 28
September to 2 October, 2004) 2, 2062 (2004).

16. L. M. Mäthger, R. T. Hanlon, Cell Tissue Res. 329, 179
(2007).

10.1126/science.1152931

421

P
H

O
TO

 C
R

E
D

IT
S:

 (T
O

P
) R

O
G

E
R

 H
A

N
LO

N
/M

A
R

IN
E

 B
IO

LO
G

Y
 L

A
B

O
R

A
TO

RY
, W

O
O

D
S 

H
O

LE
, M

A
; (

B
O

TT
O

M
 P

A
IR

) L
Y

D
IA

 M
A

TH
G

E
R

//
M

A
R

IN
E

 B
IO

LO
G

Y
 L

A
B

O
R

A
TO

RY
, W

O
O

D
S 

H
O

LE
, M

A
PERSPECTIVES

Inspired by biology. The communication and cam-
ouflage of squids (Loligo pealeii, top) arises from a
precise arrangement of organelles in an elastomeric
skin (middle). Chromatophores modulate adsorp-
tion by laterally swelling (bottom, left to right),
while iridophores modulate reflections (iridescence)
through swelling an effective Bragg grading.
Scientists are now attempting to realize composite
materials that reproduce the performance of such
biological systems. [Adapted from (16)]
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The world’s oceans are restless, wide-ranging,
and unconcerned with borders—and they may
have met their match in James McCarthy. Early
in his career, he was drawn to oceanography as a
chance to “work across
boundaries,” delving into
biology, chemistry, and
geology in waters around
the globe. As he assumes
the AAAS presidency in
February, he sees the
future of science similarly
driven by interdiscipli-
nary research, outreach to
scientists in developing
nations, and the inter-
section of science and
policy to address interna-
tional issues.

Global climate change
is one such issue that has
occupied McCarthy for
decades, starting with his
own research interests in
marine plankton and bio-
geochemical cycles, and
extending to his leader-
ship in national and international groups such as
the International Geosphere-Biosphere Program
and the Intergovernmental Panel on Climate
Change (IPCC), and as the Alexander Agassiz
Professor of Biological Oceanography at
Harvard University.

“I’ve spent much of my time for the last 25
years working to bring groups of scientists
together who had historically worked alone in
their own disciplinary communities, to work
across boundaries to generally explore common
territory and look for exciting new directions in
science,” he said in an interview. 

McCarthy said his work on climate change
has drawn him inevitably across the research
border toward science policy and science educa-
tion, where he sees many opportunities to
strengthen the ties between science and society.
In particular, he says, scientists need to be better
at communicating the exciting nature of their
profession to young people.

“It’s very interesting talking to high school
and college students about the problems that we

face today with respect to climate change, the
realization that everything we know that makes
this problem urgent has been discovered in their
lifetime,” he said. Unfortunately, he added,

many young people see
science as a static set of
textbook facts rather
than a dynamic process.

“We often underesti-
mate the ‘wow!’ factor,
the realization that those
of us who have decided
to spend our careers in
science are every day
finding something excit-
ing,” he noted, joking
that “it’s certainly very
different from the way
most of my colleagues
would describe their
careers in business or
law or in medicine.”

McCarthy thinks that
working with science
museums, giving public
lectures, and contribut-

ing science coverage in
the media are all ways that researchers can
increase the public’s appreciation of science.
But he acknowledged that the press and scien-
tists “come from different cultures” and are not
always natural allies.

“I like to think that when I talk to a person
from the press, it’s not a source and a reporter
interacting, it’s two of us together on an educa-
tional mission,” he explained. “And that’s tough
to sell, because some people in the press say no,
science is just another interest group and you’re
trying advance your hobby horse.”

He is adamant about the fact that science is
not “just another special interest group,” a
characterization he’s also encountered when
testifying before the U.S. Congress. Too often,
McCarthy said, politicians dismiss a scientist’s
testimony as “just your idea,” and miss the fact
that “science is based on evidence. They don’t
appreciate that science is not simply a collec-
tion of ideas, and that scientists only maintain
their scientific excellence by constantly ques-
tioning, constantly being skeptical, and always

being open to new evidence and new interpre-
tations of evidence.”

“One of the realizations of this [U.S. presi-
dential] election year is that we really must
restore the scientific integrity of our federal
government,” McCarthy said. He suggested that
the scientific community has been “distressed”
in recent years to see federal reports in which
“the best representations of science performed
by experts widely revered in their field…have
been edited, and clearly by people who did not
know or understand the science, but who didn’t
like the message.”

McCarthy is heartened by the fact that many
of the U.S. presidential candidates from both
major parties have accepted the research con-
sensus on global climate change and have
included climate policy proposals in their cam-
paign platforms. “But the formulation of the
policy needs more information than just, ‘we
have a problem.’ And here the scientific and
engineering communities have a very important
role to play,” he said.

In December, the U.S. Congress voted on an
omnibus appropriations bill that would fund
federal research and development at levels far
below what was expected for fiscal year 2008.
Researchers should argue strongly for the larger
economic benefits of R&D, McCarthy sug-
gested. While he doesn’t “have any illusions that
the new president will magically be able to dig
us out of the hole we’re in right now,” he urged
that “the science community must be ready to
help a new Administration in any way we can.”

AAAS “is very keen” to build on the theme of
this year’s Annual Meeting, “Science and Tech-
nology from a Global Perspective,” and find
more ways to support the travel and professional
expenses of researchers from developing nations,
McCarthy said. His own work with the IPCC
convinced him that the organization’s reports
“could not have had the success that they did
without the participation of developing nations.”

McCarthy will succeed the current presi-
dent, Nobel laureate David Baltimore of the
California Institute of Technology, at the close
of the 2008 Annual Meeting on 18 February.
Baltimore will become chair of the AAAS
board as John Holdren, director of the Woods
Hole Research Center and Teresa and John
Heinz Professor of Environmental Policy at
Harvard University, steps down. Peter C. Agre
has been elected to succeed McCarthy as
president-elect. Agre, a 2003 Nobel laureate, is
the director of the Malaria Research Institute in
the Johns Hopkins University Bloomberg
School of Public Health.

—Becky Ham

AAAS NEWS&NOTES EDITED BY EDWARD W. LEMPINEN

A S S O C I AT I O N  A F FA I R S

McCarthy: Share the Excitement 
of Discovery with the Public 

James McCarthy
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Project Tracks S&T in ’08
Presidential Campaign
As the U.S. presidential primary campaigning
builds to high intensity across the country this
winter, AAAS has launched a new Web site
devoted to science and technology issues in the
2008 election.

Science and Technology in the 2008 Presi-
dential Election, at http://election2008.aaas.org,
highlights five S&T issues to watch in the elec-
tion year: competitiveness and innovation; edu-
cation and the workforce; health care; energy
and the environment; and homeland security.

The site also features the candidates’ posi-
tions on the major S&T issues, including rele-
vant news stories and published commentaries;
survey information; white
papers and other reports
from policy organizations;
and election calendars.

Although some candi-
date Web sites feature exten-
sive S&T platforms, these
detailed plans have yet to
become a key feature in any
campaign. During the primary campaign, “the
treatment of science-related issues has ranged
from superficial to nonexistent,” AAAS CEO
Alan I. Leshner wrote in a 4 September 2007
op-ed in the Des Moines Register.

With a grant from the Richard
Lounsbery Foundation, AAAS’s
Center for Science, Technology, and
Congress developed the new site as
a resource for voters to explore the
candidates’ S&T positions, and to
provide the research community
with a vehicle for informing the
candidates on emerging issues.
CSTC and its partner in the site, the
Association of American Universi-
ties (AAU), plan to contact the vari-
ous presidential campaigns to
encourage them to suggest relevant
content for the site.

“As science and technology
issues become a part of the political
debate in 2008, it is important that
voters have access to as much infor-
mation as possible about the candi-
dates and their views,” said CSTC
Director Joanne Carney. “We hope
the project will provide this infor-
mation, give the candidates access
to voters who care about these
issues, and engender a much-
needed dialogue about science,
technology, policy, and politics.”

The project is the result of an
informal working group composed
of representatives from the AAU,
Woodrow Wilson International
Center for Scholars, Center for the
Study of the Presidency (CSP),
National Academies, and other
organizations. Meeting last year,
the group urged the scientific com-
munity to get more involved in
political dialogues and encourage
the candidates to discuss S&T dur-
ing their campaigns.

“In previous elections, science
issues have been reduced to one or
two hot-button items, with no real
discussion of how candidates
would utilize science in their
administration,” said AAU Presi-
dent Robert M. Berdahl. “But the

21st century will witness a worldwide compe-
tition for scientific and technological mastery,
and it is our hope that the site will help voters

determine how candidates
would meet this challenge.”

Carney said the new site
was also motivated in part by
a study released jointly by
CSP and AAAS, prepared as
a report to the U.S. presi-
dent-elect in the fall of
2000. The report, Advancing

Innovation: Improving the S&T Advisory
Structure and Policy Process, included discus-
sions from a conference by AAAS and CSP on
science policy, presidential leadership, the evo-
lution of the White House Office of Science
and Technology Policy, and the importance of
congressional support for basic science
research. The report eventually became part of
a six-volume CSP series delivered to the presi-
dent-elect that highlighted pressing issues for
the coming executive term.

A special News Focus section in the 4 January
issue of Science profiled the leading Republican
and Democratic presidential candidates and their
stances on science issues such as global climate
change, stem cell research, and innovation.

—Benjamin Somers and Becky Ham

A A A S

Call for Nomination of
2008 AAAS Fellows
AAAS Fellows who are current members of the
association are invited to nominate members for
election as Fellows. A Fellow is defined as a
member “whose efforts on behalf of the
advancement of science or its applications are
scientifically or socially distinguished.” A nom-
ination must be sponsored by three AAAS
Fellows, two of whom must have no affiliation
with the nominee’s institution.

Nominations undergo review by the steering
groups of the association's sections (the chair,
chair-elect, retiring chair, secretary, and four
members-at-large of each section). Each Steer-
ing Group reviews only those nominations des-
ignated for its section. Names of Fellow nomi-
nees who are approved by the steering groups
are presented to the AAAS Council for election.

Nominations with complete documenta-
tion must be received by 9 May 2008. Nomi-
nations received after that date will be held
for the following year. The nomination form
and a list of current AAAS Fellows can be
found at www.aaas.org/aboutaaas/fellows.
To request a hard copy of the nomination
form, please contact the AAAS Executive
Office, 1200 New York Avenue NW, Wash-
ington, DC 20005, USA, at 202-326-6635, or
at btucker@aaas.org.

A N N U A L  M E E T I N G

Scientists Convene in Boston to
Build World Partnerships
“Science knows no country, because knowledge belongs to
humanity, and is the torch which illuminates the world.”

—Louis Pasteur

Researchers, journalists, and the public can explore the
world of science and its influence on the world through inter-
disciplinary studies and emerging policy issues presented
at the 175th AAAS Annual Meeting in Boston next month,
“Science and Technology from a Global Perspective.”

This year’s program includes more than 150 symposia
and special lectures on topics ranging from climate
change, infectious disease, technology in developing
nations, and emerging international collaborations among
researchers. Parents, teachers, health educators, and the
public are invited 17 February to a special Town Hall on
childhood nutrition and obesity trends around the world. 

In his invitation to the meeting, AAAS President David
Baltimore said the conference will highlight the power of
science, technology, and education “to assist less devel-
oped segments of world society while also improving coop-
eration among developed countries and spurring knowl-
edge-driven transformation across scientific disciplines.”

The AAAS Annual Meeting Blog will provide extensive
coverage from Boston, featuring reports and podcasts from
the staff of Science and ScienceNOW, AAAS’s award-
winning Science Update radio program, and AAAS’s writ-
ers, along with links to U.S. and international news cover-
age of the meeting. For registration and other information
about this year’s meeting, see www.aaas.org/meetings. 

http://www.sciencemag.org
http://election2008.aaas.org
http://www.aaas.org/aboutaaas/fellows
mailto:btucker@aaas.org
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ASSOCIATIONAFFAIRS

The American Association for the Advance-
ment of Science (AAAS) is not about the
advancement of science just for science’s sake.
Rather, as indicated by the Association’s motto,
“Advancing Science, Serving Society,” it is
about advancing science in the context of a
desire to improve the human condition. This
mission necessarily entails attention to the
social as well as natural sciences; attention to the
embodiment of science in technology through
engineering; and attention to the processes by
which understandings from the natural sci-
ences, the social sciences, and engineering
influence—or fail to influence—public policy.
All of these long-standing preoccupations of the
AAAS are integral to the theme of the 2007
Annual Meeting and of this essay, “Science and
Technology for Sustainable Well-Being.” 

I begin my exploration of that theme with
some premises and definitions relating to well-
being and sustainability, before turning to a tax-
onomy of shortfalls in sustainable well-being
and a rough quantification of those that are
reflected in morbidity and mortality. I then
address the status of five specific challenges in
which science and technology (S&T) have par-
ticularly important roles to play: meeting the
basic needs of the poor; managing the competi-
tion for the land, water, and terrestrial biota of
the planet; maintaining the integrity of the
oceans; mastering the energy-economy-envi-
ronment dilemma; and moving toward a
nuclear weapon–free world. I close with some
thoughts on what more is needed in order to
improve the pace of progress, including what
the AAAS is doing and can do and what indi-
vidual scientists and engineers can do.

Well-Being and Sustainability
Human well-being rests on a foundation of
three pillars, the preservation and enhancement

of all three of which constitute the core respon-
sibilities of society:

•Economic conditions and processes, such
as production, employment, income, wealth,
markets, trade, and the technologies that facili-
tate all of these;

•Sociopolitical conditions and processes,
such as national and personal security, liberty,
justice, the rule of law, education, health care,
the pursuit of science and the arts, and other
aspects of civil society and culture; and

•Environmental conditions and processes,
including our planet’s air, water, soils, min-
eral resources, biota, and climate, and all of
the natural and anthropogenic processes that
affect them. 

Arguments about which of the three pillars
is “most important” are pointless, in part
because each of the three is indispensable: Just
as a three-legged stool falls down if any leg
fails, so is human well-being dependent on the
integrity of all three pillars.

The futility of attempts to strengthen any
one of the pillars in ways that dangerously
weaken one or both of the others is underlined
by their interdependence. The economic sys-
tem cannot function without inputs from the
environmental system, nor can it function
without elements of societal stability and
order provided by the sociopolitical system.
And societal stability itself cannot be main-
tained in the face of environmental disaster, as
the effect of Hurricane Katrina on New
Orleans demonstrated is true even in the most
economically prosperous and technologically
capable country in the world. 

This understanding about the elements of
well-being leads, when combined with the
proposition that improvements in well-being
are most meaningful if they can be sustained, to
a set of definitions that embody the essence of
the sustainable-well-being challenge (1):

•Development means improving the human
condition in all of its aspects, not only economic
but also sociopolitical and environmental;

•Sustainable development means doing so
by means and to end points that are consistent
with maintaining the improved conditions
indefinitely; and

•Sustainable well-being, in my lexicon,

entails pursuing sustainable development to
achieve well-being where it is now most con-
spicuously absent, as well as converting to a
sustainable basis the maintenance and expan-
sion of well-being where it already exists but is
being provided by unsustainable means.

Shortfalls
Persistent shortfalls in the pursuit of sustainable
well-being are evident across a range of dimen-
sions of the human condition, including (2):

•Poverty, afflicting not only the 2.5 billion
people in the poorest countries who live on less
than the equivalent of $2 per day, but also hun-
dreds of millions in addition who have much
more but still cannot afford many of the ingre-
dients of a decent existence in the more prosper-
ous settings in which they live;

•Preventable disease, which keeps infant
and child mortality high and life expectancy
low, especially in Africa but among the very
poor everywhere;

•Impoverishment of the environment, mean-
ing progressive erosion of the environmental
underpinnings of well-being in the qualities of
air, water, soil, biota, and climate; 

•Pervasiveness of organized violence,
manifested in the well over 100 instances of
armed conflict since World War II (nearly all
of them in the South, with a total loss of life in
the tens of millions), as well as in the global
rise of terrorism;

•Oppression of human rights in other ways
(for the preceding items are also forms of such
oppression), denying human beings their dig-
nity, their liberty, their personal security, and
their possibilities for shaping their own des-
tinies; and

•Wastage of human potential, resulting from
all of the foregoing and the despair and apathy
that accompany them, from shortfalls in educa-
tion, and from the loss of cultural diversity.

Underlying these shortfalls is an array of
driving forces and aggravating factors, among
them:

•Non-use, ineffective use, and misuse of
S&T, including misuses both intentional (as in
the development and deployment of weapons
of mass destruction) and inadvertent (as mani-
fested in the side effects of broad-spectrum
herbicides, pesticides, and antibiotics);

•Maldistribution of consumption and invest-
ment, where the maldistribution is of three
kinds: between rich and poor as the beneficiar-
ies of both consumption and investment;
between military and civilian forms of con-
sumption and investment [“too much for war-
fare, too little for welfare” (3)]; and between the
two activities themselves; i.e., between too

P R E S I D E N T I A L A D D R E S S

Science and Technology for
Sustainable Well-Being
John P. Holdren

John P. Holdren is Teresa and John Heinz Professor of
Environmental Policy at the Kennedy School of Govern-
ment as well as professor in the Department of Earth
and Planetary Sciences, Harvard University, and direc-
tor of the Woods Hole Research Center. He served as
president of the American Association for the Advance-
ment of Science (AAAS) from February 2006 to Febru-
ary 2007. This article is adapted from the Presidential
Address he delivered at the AAAS Annual Meeting in San
Francisco on 15 February 2007.
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much consumption and too little investment;
•Incompetence, mismanagement, and cor-

ruption, which although sometimes attributed
to developing countries particularly are in fact
pervasive in industrialized and developing
countries alike;

•Continuing population growth, which,
while not the sole cause of any of the shortfalls
listed, makes the remedy of all of them more
difficult (4); and

•Ignorance, apathy, and denial, the first
consisting of lack of exposure to information
and the second and third of having
the information but lacking the con-
viction or optimism or understand-
ing to act on it.

The magnitudes of the contri-
butions to premature mortality of a
number of the shortfalls and their
respective contributing factors
are shown in Table 1, which is
adapted from a remarkable
compilation of the underlying
causes of premature death pro-
duced by the World Health Organi-
zation (WHO) (5–7). 

How Can S&T Help?
Table 1 underlines the role, in
global mortality, of shortfalls in the
deployment if not always the devel-
opment of adequate technologies
for food production, clean water
and sanitation, and clean and effi-
cient energy supply. I would char-
acterize the roles of S&T in
addressing the challenges of sus-
tainable well-being in broader
terms as follows:

•Advances in science improve
our understanding of shortfalls,
dangers, and possibilities and
enable advances in technology.

•Advances in technology help
meet basic human needs and drive
economic growth through increased
productivity, reduced costs, reduced
resource use and environmental
impact, and new or improved prod-
ucts and services.

•S&T together provide the basis
for integrated assessment of challenges and
opportunities, advice to decision-makers and
the public about these, and formal and informal
education toward a more S&T-literate (and
therefore more informed and capable) society.

The need to do better with S&T applied to
the goal of sustainable well-being is particu-
larly compelling in relation to the five specific

challenges mentioned above, and I turn to
these now.

Meeting the Basic Needs of the Poor
The contemporary effort to address this most
fundamental of sustainable-development needs
is cataloged and chronicled in the Millennium
Development Goals (MDG) project of the
United Nations (UN). The MDGs, consisting of
eight overarching goals and specific targets for
the pace of progress to be made on them, were
officially adopted in 2000. The goals, targets,

and some indicators of the extent of progress on
them are summarized in Table 2. The MDG pic-
ture is clearly mixed. Many regions are on track
to meet many of the targets, but other regions—
and above all sub-Saharan Africa—are pro-
jected to fall short on most of them. What is
worse, while the MDGs appear ambitious in
terms of the pace of improvement embodied in

the targets, they are really very modest when
viewed in terms of the immense shortfalls in
well-being that would persist into 2015 and
beyond even if the targets were met. Where the
targets do seem likely to be met for the world as
a whole, moreover, as is the case for access to
safe drinking water, regional shortfalls still
loom large (8). 

The considerable progress that has been
made in some important respects (such as in
life expectancy, which has been improving vir-
tually everywhere other than sub-Saharan

Africa and the former Soviet
Union) has been the result of a
combination of economic and
social factors, but improvements in
technology appear to have been the
most important (9). Among other
advances, widespread gains in the
productivity of agriculture, which
played a crucial role in improving
nutrition and health in the develop-
ing world, were driven above all by
investments in agricultural S&T
that yielded, in strictly economic
terms, enormous rates of return;
and export-led economic growth,
providing the means with which
the public and private sectors in
many developing countries have
contributed to lifting portions of
their populations out of poverty,
has likewise been driven strongly
by technology (9). 

Relatively simple and inexpen-
sive technologies can have large
positive impacts on the most funda-
mental aspects of well-being, such
as public health, as was initially
demonstrated in today’s industrial-
ized countries when they first intro-
duced simple water-treatment tech-
nologies (8) and has been shown
more recently in developing coun-
tries with such simple innovations
as oral rehydration therapy for diar-
rheal diseases, which has sharply
lowered death rates even in circum-
stances where incomes were not
rising (9). A current example of
large “bang for the buck” in the

public health domain is the rapid expansion in
the use of insecticide-treated bed nets to
combat malaria, particularly in Africa, funded
by a combination of private, governmental, and
multilateral initiatives (10).

These insights and examples only serve to
underline how much better we could be doing
with the application of S&T to meeting basic

www.sciencemag.org SCIENCE VOL 319 25 JANUARY 2008 425

PH
O

TO
 C

R
E

D
IT

S:
 (T

O
P)

 F
IN

B
A

R
R

 O
'R

E
IL

LY
/R

E
U

TE
R

S;
 (B

O
TT

O
M

 L
E

FT
 T

O
 R

IG
H

T)
 G

E
TT

Y
 IM

A
G

E
S)

 D
IG

IT
A

L 
V

IS
IO

N
; G

H
IS

LA
IN

 A
N

D
 M

A
R

IE
 D

A
V

ID
 D

E
 L

O
SS

Y;
  D

A
V

ID
 D

E
 L

O
SS

Y

2007

Primary shortfalls 
and drivers 

Millions of
years of life lost

Poverty, technology, apathy

Consumption, denial

Ignorance, denial

Denial

Poverty, technology, apathy

Violence

Poverty. technology

Wasted potential, ignorance, denial

Consumption, technology

Consumption, technology, denial

200

150

80

50

50

40

35

30

6

5

CONTRIBUTORS TO GLOBAL MORTALITY IN 20001

Fundamental cause  

Childhood and maternal malnutrition

High blood pressure, cholesterol,

overweight, low physical activity

Unsafe sex

Tobacco

Unsafe water

War and revolution

(20th-century average)

Indoor smoke from solid fuels

Alcohol

Urban air pollution 

Global climate change 

Table 1. Contributors to global mortality in 2000, categorized by fundamental
causes. Units in column three are millions of years of life lost to premature
deaths in the year 2000 (= numbers of premature deaths in 2000 from the indi-
cated cause × average loss of life expectancy per death from that cause). The
categorization of fundamental causes and associated lost-life estimates are from
WHO (5), except for “war and revolution”; that figure is the author’s estimate for
the 20th-century annual average, based on a UN figure of about 100 million
conflict-related deaths in the 20th century (6) and the author’s guess of 40
years of lost life expectancy per conflict-related death. Attributions of relevant
“shortfalls and drivers” are the author’s (7). 
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human needs if a more respectable effort were
being devoted to this aim. The dimension of the
shortfall is suggested by the figures for official
development assistance (ODA) from the Orga-
nization for Economic Cooperation and Devel-
opment (OECD): A recent upturn in ODA has
brought the total back only to the 1990 level of
0.33% of the gross national income of the
donor countries (this despite long-standing
international agreement on a target of 1%,
which itself seems pathetically small in relation
to both the needs and the opportunities) (11).
The United States, by far the richest country in
the world in gross national income, is the stingi-
est among all the OECD countries in the frac-
tion of it, 0.2%, devoted to
ODA. [Americans spend 3.5
times more on tobacco and 20
times more on defense (12).]

Land, Water, and Terrestrial
Biota
Turning to the environmental
dimension of sustainable
well-being, a central chal-
lenge is how to manage
the intensifying competi-
tion among human uses for the
land, water, and biota of the
planet. Those uses fall mainly
into three categories:

•Land and water for hous-
ing, commerce, industry, and
infrastructure (energy, trans-
port, and communications).

•Land, water, and net pri-
mary productivity (NPP) for
the production of food, feed for
domestic animals, fiber, biofu-
els, and chemical feedstocks.

•Land, water, and biota
(plants, animals, and microor-
ganisms) for recreation,
beauty, the solace of unspoiled
nature, and other “ecosystem
services.”

The term “ecosystem serv-
ices” refers to functions of
ecosystems that underpin
human well-being, including,
besides those already sepa-
rately mentioned, regulation
of water flows; detoxification
and purification of soil, water,
and air; nutrient cycling; soil
formation and maintenance;
controls on the populations
and distribution of pests and
pathogens; pollination of

flowers and crops; maintenance of biodiver-
sity; and regulation of climate (through, e.g.,
evapotranspiration, reflectivity, and carbon
sequestration) (13, 14).

The competition among these uses for the
limited supplies of land and water and the
biota that these can support is being intensi-
fied by rising population and affluence, with
affluence providing a particularly powerful
multiplier in the demand for land and water
for agriculture and pasture as rising incomes
translate into higher consumption of meat.
Also contributing to the intensification of the
competition is global climate change (about
which more will be said below), which is

sharply increasing the demand for both bio-
fuels and carbon sequestration in intact forests
(15) at the same time as it stresses farms and
forests in many parts of the world with
increased heat, drought, and wildfires (16). 

A number of other factors complicate the
challenge of managing the competing uses of
land, water, and biota. One is the rising tide of
toxic spillovers from energy supply, industry,
and agriculture, which reduce the usability of
water and otherwise directly stress managed
and unmanaged ecosystems alike (more about
this below, too). Another is the prevalence of
haphazard, unintegrated, and short-range plan-
ning in relation to society’s uses of land and

water. A third—and one of the
primary causes of the preced-
ing two—is the frequent fail-
ure to charge a reasonable
price (or any price at all) for
the use of environmental
resources or the degradation
of environmental conditions
and services.

A quantitative picture of
world water supply and
demand is presented in Table
3 (17). A key point is that only
about a quarter of total runoff
and recharge is actually avail-
able for human use (after
uncaptured storm runoff and
remote areas are subtracted),
and nearly 40% of the glob-
ally available amount is
already being used. (Irrigated
agriculture is by far the largest
user, and it is the fastest-
growing—driven above all by
rising demand for grain to
feed to animals and now, in
the United States especially,
for corn to convert to
ethanol.) There is a difference
of a factor of 40 in current
annual water withdrawals per
person between the poorest
and richest countries, which
bodes ill for future water
demand in relation to supply
as incomes and populations
continue to rise. 

The widespread supposi-
tion that humans can use all of
the “available” runoff is in
error, moreover. Enough flow
must be left in rivers to meet
ecological needs. Taking
these ecological flow require-
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Target ProgressGoal  

Eradicate extreme poverty 
and hunger

Achieve universal primary 
education

Promote gender equality 

and empower women

Reduce child mortality

Improve maternal health

Combat HIV/AIDS,

malaria, and other 

diseases

Ensure environmental 

sustainability

Develop a global

partnership for

development

Proportion of people 

living on less than $1 per 

day to be halved between 

1990 and 2015

Full course of primary 

schooling for boys and 

girls everywhere by 2005

Eliminate gender disparities at 

all levels of education by 2015

Reduce under-5 mortality 

rate by 2/3 between 1990 

and 2015

Reduce maternal mortality 

rate by 3/4 between 1990 

and 2015

Have halted and begun to 

reverse spread of HIV/AIDS 

and incidence of malaria 

by 2015

Proportion of people lacking 

access to safe drinking water 

and basic sanitation to be 

halved between 1990 and 2015

No quantitative target; a range 

of qualitative goals address 

mechanisms of assistance 

Target already met in East and

Southeast Asia, but other 

developing regions are behind 

pace needed to meet it by 2015

Southern Asia, northern Africa, 

and Latin America on track to 

meet target; other developing 

regions behind

Nearly all developing regions 

far off pace needed to meet target

East and Southeast Asia, northern

Africa, and Latin American on track

to meet target; other developing

regions far behind

East and Southeast Asia, northern

Africa, and Latin American on track

to meet target; other developing

regions behind

No. of people with HIV/AIDS may 

have stabilized in sub-Saharan 

Africa; is rising in most other

developing regions

East and Southeast Asia, northern 

Africa, and Latin America on track

to meet sanitation target; other 

developing regions behind

If official development assistance 

is the index, progress is slight; 

debt and trade measures look better

MDG’s, targets, and pace of progress2

Table 2. MDGs, targets, and pace of progress (10, 11).
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ments into account reveals that many of the
world’s river basins are already overexploited:
Human withdrawals are leaving less water in
rivers than needed to meet ecological require-
ments. Rising human water demands are also
leading, at many locations around the world, to
the extraction of groundwater from aquifers at
rates exceeding natural recharge, leading to
declining water tables, wells running dry, and
increased drilling and pumping costs (8). 

The current extent of human exploitation of
Eath’s land surface and vegetation is, similarly,
far greater than is generally supposed. Crops,
pastures, and grazing now take up about 40% of
the planet’s 133 million km2 of ice-free land
(18). Forests, which once covered 50 million
km2, have shrunk by about 10 million km2 in
the past 300 years (with half of that loss occur-
ring in the past half century), and desert and
near-desert lands have expanded by nearly 10
million km2. Cities, towns, roads, and airports
now cover about 2% of the land area—
approaching 3 million km2 (18–20). 

Arguably a more informative measure of
the scale of human intervention in terrestrial
ecosystems than areas transformed is the
fraction of the NPP of those ecosystems that
human activities have eliminated or appropri-
ated for human purposes; a pioneering study
in the mid-1980s estimated that humans
appropriate about 25% of terrestrial NPP and
have eliminated nearly another 15% through
land transformations (21). Subsequent stud-
ies using the more extensive remote-sensing
information and geographic information sys-
tems (GIS) databases that have become avail-
able in the meantime have altered the details
of the picture but reinforced the basic finding
that, depending on the definitions employed,
human activities are appropriating between
25 and 40% of terrestrial NPP (22). 

Considering the increases in human
demands for NPP that are in prospect both for
the combination of food and feed and for bio-
fuels, and considering the need to leave large
areas of forest substantially intact for purposes
of carbon sequestration and other ecosystem
functions, these are not encouraging numbers.
They become even less so when one considers
the loss of biodiversity that has accompanied
the level of appropriation of terrestrial NPP
already reached.

The Millennium Ecosystem Assessment
completed in 2005 developed estimates for
contemporary and projected extinction rates
compared to past rates suggested by the fossil
record: 100 to 1000 times past extinction rates
today, another 10 to 100 times higher in the
future (13). And already in 2000 it was esti-

mated that 18% of mammal species,
12% of bird species, and 8% of plant
species worldwide were threatened
with extinction (23); the projected
increases in extinction rates, if they
materialize, thus portend a biodiver-
sity catastrophe. 

The current state of under-
standing of ecosystem structure
and function does not generally
allow prediction of what forms and
degrees of local or regional biodiver-
sity decline will lead to severe
impacts on basic ecosystem functions
and the services associated with
them. To confuse this ignorance with
cause for complacency would be
folly, however. The most elementary
common sense (embodied in Aldo
Leopold’s famous dictum from A
Sand County Almanac that “The first
rule of intelligent tinkering is to save
all the parts” )—reinforced by a large
part of the detailed ecological knowl-
edge accumulated since—tells us that
continuing biodiversity loss must
eventually exact a large toll in ecosys-
tem performance and resilience
against shocks and stresses both natu-
ral and anthropogenic (24).

What is needed from S&T in rela-
tion to the intensifying competition
for land, water, and biota? We need,
for reasons both purely scientific and
as a basis for sensible ecosystem man-
agement, a large increase in ecologi-
cal research focused on the relations
linking biodiversity and other aspects
of ecosystem condition with ecosys-
tem function and services; and we
need a better understanding of what
those services do and could deliver in
support of human well-being, as well
as better ways to quantify their value
for incorporation into the market and
nonmarket processes shaping the
future of ecosystems (25). 

We need more studies that combine pro-
jected land requirements for food and feed,
fiber, biofuels, and infrastructure—rather than
pretending that each use can be analyzed sepa-
rately—and that attempt to reconcile the com-
bined demands with the requirement for
enough land covered by intact forests and other
native ecosystems to provide the carbon
sequestration and other ecosystem services
society cannot do without (26). We need more
effective use of the capabilities provided by
satellite imagery and other remote sensing, and

by GIS, both for conducting such studies and
for conveying the results to publics and deci-
sion-makers in forms they will understand and
use (27). And, not least, we need technologies
for extracting food, fiber, and fuel from agricul-
tural and forest ecosystems in ways less disrup-
tive of the other services those systems provide
than the technologies typically used today (28).

The Oceans
The oceans cover 70% of the surface of the
planet, contain 98% of the water, and contribute
about half of the NPP. They are a gigantic bal-
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2007

Available river flow and recharge/world population

Per capita withdrawals, global average

 Nigeria

 Israel

 China

 Mexico

 Italy

 United States

World desalting capacity/world population

1,400,000,000

30,000,000

10,000,000

100,000

10,000

Cubic kilometers

The world’s water 3

120,000

70,000

50,000

12,000

5,000

13

Cubic kilometers per year

1,800

800

50

300

500

800

1,000

2,000

2

Cubic meters per person

per year

Stocks  

Water in the oceans (~35,000 

parts per million salt)

Water locked up in ice

Groundwater

Water in lakes and rivers

Water in the atmosphere

Flows  

Precipitation on land

Evaporation from land

River runoff and groundwater recharge

Available river flow and recharge

Withdrawals for human use

 of which Agriculture 3,500

  Industry 1,000

  Domestic    500

World desalting capacity  

Flows per capita  

Table 3. Where is the world’s water and where is it going?
Compiled and rounded from several sources (17). 1 km3 = 109

m3 = 1012 liters = 264 × 109 gallons. Available river flow and
recharge = runoff + recharge – uncaptured storm runoff –
remote areas. Withdrawals for human use are estimated for
2007. Per capita withdrawals are data for 2000.
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ance wheel in Earth’s weather and climate.
They are an immense reservoir of biodiversity;
one even less cataloged and characterized than
that of the terrestrial biota. And fisheries
derived from them supply 20% or more of the
per capita animal-derived protein consumed by
40% of the human population (29). 

Although the oceans are perceived by many
as being too gigantic and immutable to be
much influenced by human activities, they
have actually been, like the land, substantially
altered by human influences. Human-caused
warming of Earth’s surface and atmosphere
has penetrated the
oceans to depths of
hundreds of meters;
and absorption by the
ocean of part of the
carbon dioxide (CO2)
added to the atmos-
phere by human activ-
ities has lowered the
average pH of seawa-
ter by about 0.1 (30).
Lead and mercury
mobilized by humans
move through marine
food webs, concen-
trating at the higher
levels, as do synthetic
organic compounds
such as DDT and
PCBs. No part of the
oceans is free of traces
of oil spills or free of
plastic trash.

The most conspic-
uous of human impacts
on the oceans to date has been the decline in the
populations of many of the fish and shellfish we
harvest for food. Marine fish catches reached a
plateau in the mid-1990s and have been main-
tained there since only by dint of harvesting
lower in the food web; continuing expansion of
the total supply of protein from fish and shell-
fish has depended on rapid growth in aquacul-
ture (31). The real magnitude of the human
impact, however, is revealed only by looking
region by region and species by species at the
fish and shellfish stocks on which the catch had
depended; it is a picture of devastating decline,
brought about not only by unsustainable harvest
of target species but also by the extensive
bycatch and bottom-habitat destruction brought
about by widely used if reprehensible fishing
techniques (32). 

Coral reefs, which have the highest density
of biodiversity in the oceans, are also increas-
ingly endangered. Originally the risks to reefs

came mainly from subsistence fishing and sed-
iment runoff from agriculture and land devel-
opment on inhabited islands; to this was later
added the stress on reef fish populations from
rapidly expanding commercial fishing to sup-
ply the aquarium trade in North America and
Europe and the live-fish restaurant trade in East
and Southeast Asia, as well as physical damage
to the reefs from the influx of cruise ships and
the reef-walking tourists they carry (33).

Today, coral reefs are being affected
throughout their range by two further factors
that are independent of local population densi-

ties, tourist influxes,
and commercial fish-
ing fleets: increasing
water temperatures,
which can cause
bleaching (ejection of
the living coral organ-
isms from the calcium
carbonate structure)
and disease; and
declining pH, which
hinders the ability of
organisms to make the
calcium carbonate. A
recent survey con-
cluded that 30% of
the world’s coral reefs
are already severely
damaged and that
60% could be lost by
2030 (33).

Another sign of
trouble in the oceans
is the rapid prolifera-
tion of harmful algal

blooms and the oxygen-depleted “dead zones”
that are often the ultimate result. This phenom-
enon is largely driven by overfertilization of
coastal zones by river runoff laden with nutri-
ents from sewage and agriculture. The number
of regions affected and the scale of the impact
in individual regions appear to have been
growing recently, with a doubling time on the
order of a decade (29, 34). 

Scientifically, technologically, and politi-
cally, human pressures on the oceans are even
more challenging to deal with than the pres-
sures on terrestrial ecosystems discussed
above. Difficulties of observation and study in
the oceans mean that the marine realm is less
well explored and less well understood than ter-
restrial ecosystems. Technologically, the oceans
are a more difficult operating environment than
the land for almost any purpose. Politically, the
problems of governance and management of
ocean resources and the ocean environment are

compounded by the circumstance that most of
the world ocean is a commons, not the province
of any nation.

Much of what is needed from S&T in rela-
tion to the challenge of sustainability for ocean
systems and services, however, is similar to
what is needed on the terrestrial side: more
research on marine ecosystem structure, func-
tion, and service; more and better monitoring
and reporting, in forms meaningful to and
usable by decision-makers; and more integra-
tion of analyses relating to multiple interacting
uses and stresses, so that limits on what is sus-
tainable can be identif ied before they are
exceeded. Also needed on the marine side is
technological change in relation to what we
already know is unsustainable: replacement of
harvesting technologies that destroy habitat and
decimate bycatch with more resource-friendly
alternatives, and modification of agricultural
and sewage-treatment practices on land in order
to drastically reduce the dead zone–inducing
impacts of nutrient-laden river runoff (35). 

The Energy-Economy-Environment
Dilemma
The essence of this dilemma resides in two
robust propositions (36–38): First, reliable and
affordable energy is essential for meeting basic
human needs and fueling economic growth.
Second, the harvesting, transport, processing,
and conversion of energy using the resources
and technologies relied upon today cause a
large share of the most difficult and damaging
environmental problems society faces. 

Contemporary technologies of energy sup-
ply are responsible for most indoor and outdoor
air pollution exposure, most acid precipitation,
most radioactive wastes, much of the hydrocar-
bon and trace-metal pollution of soil and
groundwater, nearly all of the oil added by
humans to the oceans, and most of the human-
caused emissions of greenhouse gases that are
altering the global climate (39). 

The study of these environmental impacts
of energy has been a major preoccupation of
mine for nearly four decades. I have concluded
from this study that energy is the hardest part of
the environment problem; environment is the
hardest part of the energy problem; and resolv-
ing the energy-economy-environment
dilemma is the hardest part of the challenge of
sustainable well-being for industrial and devel-
oping countries alike. 

Figure 1 shows the composition of world
primary energy supply during the bulk of the
fossil-fuel era to date, from 1850 to 2000 (40).
Energy use increased 20-fold over this period—
that number being the product of a somewhat
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World Energy 1850–2000
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Fig. 1. World supply of primary energy

1850–2000 (40). Primary energy refers to energy

forms found in nature (such as fuelwood, crude

petroleum, and coal), as opposed to secondary

forms (such as charcoal, gasoline, and electricity)

produced from the primary ones using technology.

“Hydro +” includes hydropower, geothermal,

wind, and solar. Fossil fuels are counted at higher

heating value and hydropower is counted as

energy content, not fossil-fuel equivalent. 1 exa-

joule (EJ) = 1018 joules = 0.95 quadrillion Btu.
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greater than fivefold increase in world popula-
tion and a somewhat less than fourfold increase
in average energy use per person (41). Fossil-
fuel use increased more than 150-fold, rising
from 12% of the modest energy use of 1850 to
79% of 2000’s much larger total. By 2005, fos-
sil fuels were contributing 81% of the world
primary energy supply, 82% in China, and 88%
in the United States (42); even in the electricity
sector (where nuclear, hydropower, wind, solar,
and geothermal energies make their largest
contributions), fossil fuels accounted for two-
thirds of global generation (Table 4).

The huge increase in fossil-fuel use over the
past century and a half played a large role in
expanding the impact of humankind as a global
biogeochemical force (43), not only through
the associated emissions of CO2, oxides of sul-
fur and nitrogen, trace metals, and more, but
also through the mobilization of other materi-
als, production of fertilizer, transport of water,
and transformations of land that the availability
of this energy made possible (44). At the end of
the 20th century and the beginning of the 21st,
the fossil-fuel–dominated energy supply sys-
tem continued to impose immense environ-
mental burdens at local, regional, and
global scales, despite large invest-
ments and some success in reducing
emissions to air and water per unit of
energy supplied (29). 

Fine particles appear to be the most
toxic of the usual air pollutants
resulting from the combustion of
fossil and biomass fuels, and
whether emitted directly or formed
in the atmosphere from gaseous pre-
cursors, they have proven difficult to
control (45). The concentrations of
fine particulates in urban air in the
United States, Western Europe, and
Japan have mostly been falling in
recent years, but in cities across the
developing world the concentrations
have risen to shockingly high levels—
often several times the WHO guide-
lines (29). As noted above in connec-
tion with Table 1, population expo-
sures to particulate matter from the
combustion of fossil and biomass fuels
indoors are even greater, with com-
mensurate impacts on health.

A major regional impact of fossil-
fuel combustion is wet and dry depo-
sition of sulfur and nitrogen, much of
it in acidic forms. Of the sulfur oxide
and nitrogen oxide emissions that are
the precursors of this fallout, the for-
mer are somewhat easier to control

technologically. Global emissions of both are
now increasing, however, as rapid expansion of
poorly controlled sources in Asia, and to a
lesser extent in Africa and Latin America, is
now more than offsetting reductions in the
industrialized countries (29). 

Mid-range projections for energy growth
over the next few decades show world use of
energy reaching 1.5 and 2 to 2.5 times the 2005
level by 2030 and 2050, respectively; electricity
generation in these “business-as-usual” cases
nearly doubles by 2030 and triples by 2050
(46). Although these are daunting numbers
from the standpoint of sustainability, the prob-
lem is not that the world is running out of
energy. It isn’t (37, 47). But it is running out of
cheap and easy oil and gas, and it is running out
of environmental capacity to absorb, without
intolerable consequences, the impacts of mobi-
lizing these quantities of energy in the ways we
have been accustomed to doing it (48).

Much discussion of the oil issue has been
framed around the contentious question of
“peak oil” (49): When will global production of
conventional petroleum reach a peak and begin
to decline, as U.S. domestic production did

around 1970? The question derives its impor-
tance from the proposition that reaching this
peak globally will presage large and long-last-
ing increases in the price of oil, plus a costly and
demanding scramble for alternatives to fill the
widening gap between the demand for liquid
fuel and the supply of conventional petroleum. 

Oil-supply pessimists argue that the peak of
conventional oil production could occur any
time now; oil-supply optimists say it probably
won’t happen until after 2030, perhaps not until
after 2050. Similar arguments go on about con-
ventional supplies of natural gas, the total
recoverable resources of which are thought
to be not greatly different, in terms of energy
content, from those of crude petroleum.

In my judgment, it’s difficult to tell at this
juncture whether the optimists or the pessimists
are closer to right about when the world will
experience peak oil, but the answer is not very
important as a determinant of what we need to
be doing. After all, it’s clear that heavy oil
dependence carries substantial economic and
political risks in a world where high proportions
of the reserves and remaining recoverable
resources lie in regions that are unstable and/or
controlled by authoritarian governments that
have sometimes been inclined to wield oil sup-
ply as a weapon. It’s also clear that world oil use
(which is dominated by the transport sector and,
within it, by motor vehicles) is a huge producer
of conventional air pollutants, as well as being
about equal to coal burning as a contributor to
the global buildup of the heat-trapping gas CO2
(29, 42). Given these liabilities, it makes sense
to be looking urgently for ways to reduce oil
dependence (while working to clean up contin-
uing uses of oil), no matter when we think peak
oil might occur under business as usual.

Indeed, the problem of how to reduce the
dangers from urban and regional air pollution
and from overdependence on oil in the face of
rising worldwide demand for personal trans-
portation is one of the two greatest challenges
at the energy-economy-environment intersec-
tion. The other one is how to provide the
affordable energy needed to create and sustain
prosperity everywhere without wrecking the
global climate with the CO2 emitted by fossil-
fuel burning. 

Climate is the envelope within which nearly
all other environmental conditions and
processes important to human well-being must
function (50). Climate strongly influences (so
climate change directly affects) the availability
of water; the productivity of farms, forests, and
fisheries; the prevalence of oppressive heat and
humidity; the geography of disease; the dam-
ages to be expected from storms, floods,
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2007

World energy supply in 20054

Primary energy (exajoules)
  of which Oil

 Natural gas

 Coal

 Nuclear energy

 Hydropower

 Biomass and other  

514

34%

21%

26%

6%

2%

11%

WORLD

106

40%

24%

25%

8%

1%

3%

USA

80

18%

2%

62%

0.6%

2%

15%

CHINA

Primary energy (terawatt-hours)
  of which Coal

 Oil and gas

 Nuclear 

 Hydropower

 Wind, geothermal, and solar  

17,300

40%

26%

16%

16%

2%

4,000

50%

21%

20%

7%

2%

2,400

80%

3%

2%

15%

0.1%

Table 4. World energy supply in 2005. About a third of the pri-
mary energy is devoted to electricity generation. Net electricity
= gross generation less the electricity used within the generat-
ing facility. In the “primary energy” column, hydropower is
counted as energy content, not fossil-fuel equivalent. “Other”
includes wind, geothermal, and solar energy (42).

http://www.sciencemag.org


25 JANUARY 2008 VOL 319 SCIENCE www.sciencemag.org430

PH
O

TO
 C

R
E

D
IT

S:
 (T

O
P)

 N
A

SA
/G

SF
C

 S
C

IE
N

TI
FI

C
 V

IS
U

A
LI

ZA
TI

O
N

 S
TU

D
IO

 (S
V

S)
; B

LU
E

 M
A

R
B

LE
 N

E
X

T 
G

E
N

E
R

E
A

TI
O

N
 D

A
TA

, R
E

TO
 S

TO
C

K
LI

; (
B

O
TT

O
M

 L
E

FT
 T

O
 R

IG
H

T)
 N

A
SA

/G
SF

C
 C

O
N

C
E

PT
U

A
L 

IM
A

G
E

 L
A

B
.; 

G
IS

S,
 N

A
SA

; N
A

SA
/G

SF
C

 A
N

D
 N

A
SA

/J
PL

 S
V

S

droughts, and wildfires; the property losses to
be expected from sea-level rise; the investments
of capital, technology, and energy devoted to
ameliorating aspects of climate we don’t like;
and the distribution and abundance of species
of all kinds (those we love and those we hate). A
sufficient distortion in the climatic enve-
lope, as recent human activities are
well on the way to achieving, can be
expected to have substantial impacts
in most of these dimensions. 

Indeed, after a rise in global aver-
age surface temperature of about
0.75º ± 0.20ºC since 1880–1900
(51), changes in most of these cat-
egories, and significant damages
in many, have already become
apparent (5, 10, 16, 52, 53). Large
impacts from seemingly modest
changes in global average surface
temperature underline the reality that
this temperature is a sensitive proxy
for the state of the world’s climate,
which consists of the patterns in space
and time not only of temperature and
humidity but of sun and clouds, rain-
fall and snowfall, winds and storm
tracks, and more. (The sensitivity of
the temperature proxy for the state of
the climate is often illustrated by the
observation that the difference in
global average surface temperature
between an ice age and a warm inter-
glacial—drastically different cli-
mates—is only about 5ºC.) 

There is no longer any serious
doubt that most of the climatic change
that has been observed over the past
few decades has been due to human
rather than natural influences (54). As
shown in Table 5, the largest of the
positive human “forcings” (warming
influences) has been the buildup of
CO2 in the atmosphere over the past
two and a half centuries. (About two-
thirds of this buildup has come from
fossil-fuel burning and the other one-
third from land-use change.) Other
important contributors have been
methane from energy supply, land-use
change, and waste disposal; halocarbons from a
variety of commercial and industrial applica-
tions; nitrous oxide from fertilizer and combus-
tion; and soot from inefficient engines and bio-
mass burning. Partially offsetting cooling
effects have been caused by the reflecting and
cloud-forming effects of human-produced par-
ticulate matter and by increased surface reflec-
tivity due to deforestation and desertification. 

Facing the menace of growing, human-
caused disruption of global climate, civiliza-
tion has only three options: mitigation (taking
steps to reduce the pace and the magnitude of
the climatic changes we are causing); adapta-
tion (taking steps to reduce the adverse impacts
of the changes that occur); and suffering from

impacts not averted by either mitigation or
adaptation. We are already doing some of each
and will do more of all, but what the mix will be
depends on choices that society will make
going forward. Avoiding increases in suffering
that could become catastrophic will require
large increases in the efforts devoted to both
mitigation and adaptation.

A 2007 report for the UN Commission on

Sustainable Development, focused on what to
do, emphasizing mitigation and adaptation
equally, concluded that the chances of a “tip-
ping point” into unmanageable degrees of cli-
matic change increase steeply once the global
average surface temperature exceeds 2º to
2.5ºC above the pre-industrial level, and that
mitigation strategies should therefore be
designed to avoid increases larger than that
(52). Having a better-than-even chance of doing
this means stabilizing atmospheric concentra-
tions of greenhouse gases and particles at the
equivalent of no more than 450 to 500 parts per
million by volume (ppmv) of CO2 (55, 56).

A mitigation strategy sufficient to achieve
such stabilization will need to address methane,
halocarbons, nitrous oxide, and soot as well as
CO2, but the largest and most difficult reduc-
tions from business-as-usual trajectories of
future emissions are those needed for CO2
itself. The difficulty in the case of CO2 emis-
sions from the energy system resides in the cur-
rent 80% dependence of world energy supply
on fossil fuels, the technical difficulty of avoid-
ing release to the atmosphere of the immense
quantities of CO2 involved, and the long
turnover time of the energy-system capital
stock (meaning that the shares of the different
energy sources are hard to change quickly)
(57). In the case of the 15 to 25% of global CO2
emissions still coming from deforestation
(essentially all of it now in the tropics), the dif-
ficulty is that the causes of this deforestation are
deeply embedded in the economics of food,
timber, biofuel, trade, and development, and in
the lack of valuation and marketization of the
services of intact forests (58).

Stabilizing atmospheric CO2 at 500 ppmv
would be possible if global emissions from
fossil-fuel combustion in 2050 could be cut in
half from the mid-range business-as-usual fig-
ure of 14 billion metric tons of carbon in CO2
per year. Numerous studies of how reductions
of this general magnitude might be achieved
have been undertaken (59), and, notwithstand-
ing differences in emphasis, virtually all have
shown that: (i) such reductions are possible but
very demanding to achieve; (ii) there is no sin-
gle silver-bullet approach that can do all or even
most of the job; (iii) it is essential, in terms of
both feasibility of the ultimate aim and cost of
achieving it, to begin reductions sooner rather
than later; (iv) the quickest and cheapest avail-
able reductions will be through improving the
efficiency of energy end-use in residential and
commercial buildings, manufacturing, and
transport, but costlier measures to reduce emis-
sions from the energy supply system will also
need to be embraced; and (v) without major
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Disrupting earth’s climate5
Cause of forcing
  
Change in atmospheric concentration of

        Carbon dioxide

        Methane

        Halocarbons

        Nitrous oxide 

        Tropospheric ozone

        Stratospheric ozone

        Soot

        Reflecting particles

        Cloud-forming effect of particles

Change in reflectivity of surface (albedo) due to

        Land-use change

        Soot on snow

Change in solar irradiance

 

+1.66 (±0.17)

+0.55 (±0.07)

+0.34 (±0.03)

+0.16 (±0.02)

+0.35 (–0.10,+0.30)

–0.05 (±0.10)

+0.3 (±0.2)

–0.8 (±0.4)

–0.7 (–1.1,+0.4)

–0.2 (±0.2)

+0.1 (±0.1)

+0.12 (–0.06,+0.18)

  

Magnitude of 
forcing (W/m2)
  

Table 5. IPCC estimates of principal human-produced and nat-
ural forcings since 1750. Forcings are essentially changes in
Earth’s energy balance, measured in watts per square meter of
the planetary surface, with positive values denoting warming
influences and negative values denoting cooling. The uncer-
tainty range is given in parentheses. Large volcanic eruptions
produce negative forcings of a few years’ duration due to the
particles they inject into the atmosphere, but they are not
included in the table because no trend is evident in the size of
this effect over time. Effects of the 11-year sunspot cycle are
likewise not shown because they average out over time periods
longer than that. Note that the IPCC’s best estimate of the con-
tribution of the net change in input from the Sun since 1750 is
some 14 times smaller than that of the CO2 (30).
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improvements in technology on both the
demand side and the supply side—and a major
expansion of international cooperation in the
development and deployment of these tech-
nologies—the world is unlikely to achieve
reductions as large as required. 

The improved technologies we should be
pursuing, for help not only with the energy-cli-
mate challenge but also with other aspects of
the energy-economy-environment dilemma,
are of many kinds: improved batteries for plug-
in hybrid vehicles; cheaper photovoltaic cells;
improved coal-gasification technologies to
make electricity and hydrogen while capturing
CO2; new processes for producing hydrogen
from water using solar energy; better means of
hydrogen storage; cheaper, more durable, more
efficient fuel cells; biofuel options that do not
compete with food production or drive defor-
estation; advanced fission reactors with prolif-
eration-resistant fuel cycles and increased
robustness against malfunction and malfea-
sance; fusion; more attractive and efficient pub-
lic transportation options; and a range of poten-
tial advances in materials science, biotechnol-
ogy, nanotechnology, information technology,
and process engineering that could drastically
reduce the energy and resource requirements of
manufacturing and food production (60).

Also urgently needed from S&T in the
energy-climate domain are improved under-
standing of potential tipping points related to
ice-sheet disintegration and carbon release
from the heating of northern soils; a greatly
expanded research, development, and
demonstration effort to determine the best
approaches for both geologic and enhanced
biologic sequestration of CO2; a serious pro-
gram of research to determine whether there
are “geoengineering” options (to create
global cooling effects that counter the ongo-
ing warming) that make practical sense; and
wide-ranging integrated assessments of the
options for adaptation (61).

Adequately addressing these and other
needs in the science and engineering of the
energy-environment interaction would proba-
bly require a 2- to 10-fold increase in the sum
of public and private spending for energy
research, development, and demonstration
(ERD&D) (62). This sounds daunting, but the
amounts involved are astonishingly small
compared to what society spends for energy
itself (63). There are signs that the private sec-
tor is ramping up its efforts in ERD&D in
response to the challenge, but for reasons that
have been abundantly documented (64), the
public sector must also play a large role in the
needed expansion. Sadly, until now there has

been precious little sign of that happening,
notwithstanding abundant rhetoric from polit-
ical leaders about new technologies being the
key to the solution (65).

Moving Toward Elimination of Nuclear
Weapons
Throughout the Cold War, the world’s nuclear
arsenals (which reached tens of thousands of
nuclear weapons on each side in the USA-
USSR confrontation and hundreds each in the
possession of the United Kingdom, France,
China, and probably Israel) were recognized by
nearly everyone as a threat to the existence of a
sizable part of the human population and to the
well-being of most of it, if any significant frac-
tion of them were ever used. Following the
peaceful end of the Cold War at the beginning
of the 1990s, however, the salience of the threat
from these nuclear weapons rapidly receded in
the minds of most people. The most plausible
political source of a nuclear conflagration had
disappeared, and the only related set of worries
that retained any widespread salience was a
concern—initially much less compelling and
immediate than the Cold War’s nuclear threat
had been—about the possible acquisition of
nuclear weapons by rogue states and terrorists.

The tendency toward complacency about
dangers from nuclear weapons in the posses-
sion of the major powers was reinforced by con-
siderable shrinkage in the U.S. and Russian
arsenals—as weapons now deemed surplus
were retired from active service and a process
of dismantling was begun—and subsequently
by conclusion of the Moscow Treaty of 2002,
which appeared to promise further significant
cuts. Meanwhile, the refocusing of residual
concerns about nuclear weapons on issues of
proliferation and terrorism proceeded apace,
driven by the initial discovery of a nuclear
weapon program in Iraq, the Indian and Pak-
istani nuclear tests of 1998, the revelation of
A. Q. Khan’s proliferation network, the
unmasking of North Korea’s nuclear weapon
program, and the exercise of frighteningly
organized and destructive (even if non-nuclear)
terrorist capabilities on September 11, 2001.

To be concerned about nuclear prolifera-
tion and the possibility of nuclear terrorism
certainly wasn’t and isn’t wrong (66). But to
believe that the nuclear weapons still in the
possession of the United States, Russia, and
the other de jure nuclear weapon states (67)
are not themselves still a major threat to the
world is to underrate both the direct threat of
their use that remains and the ways in which
their existence influences the proliferation
and terrorism threats. 

Concerning the possibility that these major-
power weapons might in fact be used, highly
relevant facts (which polls show are largely
unknown to the U.S. public) are as follows: (i)
These arsenals still contain altogether about
20,000 nuclear weapons, of which the United
States possesses about half; (ii) most of the U.S.
and Russian nuclear weapons are not covered
by the Moscow Treaty, which governs only a
subcategory called “operationally deployed
strategic nuclear weapons” (and which also
lacks any provision or mechanism for verifica-
tion); (iii) the United States and Russia each
continue to maintain about 2000 strategic
nuclear weapons on short-reaction-time alert,
increasing the chance of use by mistake or mal-
function; and (iv) the United States and Russia
both reserve the “right” of first use of nuclear
weapons, including in response to non-nuclear
threats. While the chance of large-scale use of
U.S. and Soviet/Russian nuclear weapons cer-
tainly diminished with the end of the Cold War,
then, the danger has by no means completely
disappeared (68, 69).

The existing nuclear arsenals and the pos-
tures of their owners toward their potential
uses and improvement are hardly uncon-
nected, moreover, from the dangers of nuclear
proliferation and nuclear terrorism. The evi-
dent intentions of the current nuclear weapon
states to retain large arsenals indefinitely, to
maintain high states of alert, to continue to
threaten first use of nuclear weapons even
against states that do not possess them, and to
pursue development of new types of nuclear
weapons for increased effectiveness or new
purposes are manifestly incompatible with
the bargain embodied in the Non-Prolifera-
tion Treaty and corrosive of the nonprolifera-
tion regime (70). 

More specifically, with these stances the
nuclear weapon states forfeit any moral author-
ity to which they might aspire on questions of
nuclear weapon possession, and they reduce the
chances of gaining the cooperation of the world
community on technology-transfer restrictions
and sanctions directed against proliferators.
They also directly encourage proliferation by
reinforcing the view that nuclear weapons have
great political and military value and by under-
mining confidence that nonpossession of
nuclear weapons means a country need not fear
being attacked with them.

Nuclear proliferation itself, when it occurs,
tends to increase both the incentives and the
opportunities for further proliferation, as well
as expanding the opportunities for terrorist
acquisition of nuclear weapons. The expansion
of opportunities accompanying proliferation
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comes not merely because nuclear weapons,
nuclear weapons expertise, and nuclear explo-
sive materials have been put in additional
hands in additional locations, from which they
may spread further (as the Khan network so
appallingly demonstrated), but especially
because they have been placed into contexts
where there has been no experience in control-
ling them. Constraints on the numbers, disper-
sion, and contemplated uses of nuclear
weapons are important, therefore, both to
reduce the probability of accidental, erro-
neous, unauthorized, or authorized use and to
reduce the chances of nuclear weapons com-
ing into the possession of additional prolifer-
ant states or terrorists. 

Ultimately, however, the only alternative to
continued proliferation is achievement of a uni-
versal prohibition on nuclear weapons, coupled
with means to ensure confidence in compli-
ance. If possession of nuclear weapons does not
tend toward zero, it will tend instead toward uni-
versality; and though no one can predict the
pace of this, it will mean, in the long run, that
the probability of use of these weapons will
tend toward unity (71). There are, moreover,
powerful arguments that a prohibition of
nuclear weapons is not only a practical and
moral but a legal necessity, under international
law (72). It is also telling that, over the years,
more and more of the people who have had
command over the U.S. nuclear arsenal and the
policies governing its use have reached the con-
clusion that pursuing prohibition is the only
sensible option (73). 

While the contrary is often claimed, prohibi-
tion does not require “un-inventing” nuclear
weapons (an impossibility). Societies sepa-
rately and together have productively prohib-
ited murder, slavery, and chemical and biologi-
cal weapons without imagining that these have
been un-invented. Nor is verification an insur-
mountable obstacle. Verification, with further
innovations both technical and social, can be
more effective than most suppose (74); and in
any case, the dangers to the world from cheat-
ing are likely to be smaller than the dangers to
be expected in a world from which nuclear
weapons have not been banned (75).

As for timing, the buildup of the global
nuclear weapon stockpile from a dozen in 1946
(all in the possession of the United States) to the
peak of about 65,000 in 1986 took just four
decades; another two decades later, the number
had fallen by more than two-thirds (76). I see no
reason the world shouldn’t aim for getting to
zero in another two decades; that is, by about
2025. Crucial early steps in that direction
include declarations by the nuclear weapon

states that they will never, in any circum-
stances, use nuclear weapons first or against
countries that do not possess such weapons; de-
alerting of all nuclear forces; a series of pro-
gressively deeper cuts in total numbers of
nuclear weapons (strategic and nonstrategic,
deployed and nondeployed), with physical
destruction of all of the weapons made surplus
by these cuts and disposition of their nuclear
explosive materials in ways that effectively pre-
clude their reuse for weapons, and with interna-
tionally agreed means of verification; ratifica-
tion and entry into force of the Comprehensive
Nuclear Test Ban Treaty; and negotiation of a
cutoff of production of nuclear explosive mate-
rials for weapons (77).

S&T can contribute to achieving such
progress in several ways: through technical
advances that make verifying weapon-reduc-
tion agreements easier (and thus make agreeing
to them easier); through other technical
advances that make nuclear energy technology
less likely to be used for nuclear weaponry
and/or more likely to be detected if this hap-
pens; through applications of science and engi-
neering to the task of reducing the dangers of
accidental, erroneous, or unauthorized use of
nuclear weapons, as well to the task of obviating
any need for nuclear explosive testing of
weapons, for as long as these still exist; and
through S&T-based integrated assessments
clarifying dangers and pitfalls on the path to
zero and how to avoid them. 

Almost certainly, getting to a world of
zero nuclear weapons will be as much a mat-
ter of political wisdom, political courage,
and diminution in the motivations for armed
conflict of any sort as a matter of S&T per se.
But in the domain of diminishing motiva-
tions for conflict, the alleviation of the other
shortfalls in sustainable well-being dis-
cussed here—to which, as I have tried to
show, S&T have large contributions to
make—will be indispensable (78).

What Else Is Needed? 
Beyond the points made already here about the
contributions needed from S&T with respect to
the five specific challenges on which I have
focused, I want to mention some cross-cutting
desiderata. We need:

•A stronger, clearer focus by scientists and
technologists on the largest threats to human
well-being;

•Greater emphasis on analysis of threats and
remedies by teams that are interdisciplinary,
intersectoral, international, and intergenera-
tional (as the problems are);

•Undergraduate education and graduate

training better matched to these tasks;
•More attention to interactions among

threats and to remedies that address multiple
threats at once;

•Larger and more coordinated investments
in advances in S&T that meet key needs at
lower cost with smaller adverse side effects; 

•Clearer and more compelling arguments
to policy-makers about the threats and the
remedies; and

•Increased public S&T literacy.
Most, if not all, of these aims would be

advanced by wider acceptance, within the aca-
demic scientific and engineering communities
and elsewhere, of the proposition that applied,
interdisciplinary, and integrative work by indi-
vidual scientists and technologists and by teams
is not necessarily less rigorous, less demanding,
or less worthy of recognition—and certainly
not less valuable to society—than work that is
narrower or “purer” (79).

The role of the AAAS in advancing these
ideas has been and remains immensely impor-
tant. It is the largest, most diverse, and most
interdisciplinary of U.S. scientific societies,
and it is also the most influential. Our flagship
publication, Science, has the largest paid circu-
lation among all the peer-reviewed science
journals in the world and enjoys a well-earned
reputation for discerning coverage of the inter-
section of S&T with public policy (as well as
for cutting-edge reports on disciplinary
research in multiple fields). The extraordinary
intellectual smorgasbord of our annual meeting
makes it the year’s most important gathering for
the growing segment of the S&T community
interested in the interactions among S&T disci-
plines and in the influence of S&T on the
human condition. It also draws, appropriately,
by far the most and best media coverage of any
scientific meeting (80).

As a visit to the AAAS Web site at
www.aaas.org will reveal, there is much more.
A remarkable array of interdisciplinary, inter-
sectoral, practice- and policy-oriented centers,
programs, and initiatives operate out of AAAS
headquarters and engage the energies of mem-
bers and the attention of publics and policy-
makers all around the world. The AAAS R&D
Budget and Policy Program provides the most
comprehensive and continuously up-to-date
coverage available anywhere on patterns, prior-
ities, and policy underpinnings of U.S. govern-
ment investments in S&T. Since 1973, the
AAAS Science and Technology Policy Fellow-
ship programs have been installing postdoctoral
to mid-career scientists and engineers in key
venues of the federal government where their
insights can inform real-world policy-making
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while they learn how the policy process works
and how it can be made to work better; there
have been something in the range of 2000 of
these AAAS S&T fellows, and this tremendous
body of talent and experience now constitutes
a major part of the national community of
teaching and practice in science, technology,
and public policy. And the extraordinary AAAS
Project 2061 has become a major force in
strengthening S&T education in our schools
and communities.

What More Can Individuals Do?
Individual scientists and technologists con-
cerned with the roles of S&T in the pursuit of
sustainable well-being have available to them
an array of avenues and opportunities for effec-
tive thought and action. Perhaps the most obvi-
ous of these, given what I have just said about
the AAAS, is to increase one’s support for, par-
ticipation in, and use of the relevant activities
and resources of this organization. The similar
activities of other science- and engineering-
oriented professional societies, academies, and
nongovernmental organizations (NGOs) like-
wise need and deserve increased participation
and support. 

More specifically, I would urge every sci-
entist and engineer with an interest in the inter-
section of S&T with sustainable well-being (in
all the senses I have explored here and more) to
read more and think more about relevant fields
outside your normal area of specialization, as
well as about the interconnections of your spe-
cialty to these other domains and to the practi-
cal problems of improving the human condi-
tion; to improve the aspects of your communi-
cation skills that are germane to conveying
your understandings about these interconnec-
tions to members of the public and to policy-
makers; to actively seek out additional and
more effective avenues for doing so (including
but not limited to increased participation in the
relevant activities of the AAAS and other
NGOs); and indeed to “tithe” 10% of your pro-
fessional time and effort to working in these
and other ways to increase the benefits of S&T
for the human condition and to decrease the
liabilities (81). 

If so much as a substantial fraction of the
world’s scientists and engineers resolved to do
this much, the acceleration of progress toward
sustainable well-being for all of Earth’s inhabi-
tants would surprise us all.
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100% Accuracy in Automatic
Face Recognition
R. Jenkins* and A. M. Burton

N
ational security and crime prevention of-

ten depend on our ability to establish the

identities of individuals and check that they

are whom they claim to be. This proof of identity is

frequently achieved by comparing the individual’s

appearance to a photo-identification document such

as a passport. Although there are now a number

of automatic face-recognition devices available,

none can cope with the kind of image variability

encountered in the real world (1). Even in relatively

constrained settings performance is far from perfect,

and current accuracy levels would translate to

thousands of errors in any large-scale system (e.g.,

transport security). The only system that can reliably

cope with real-world image variability is a human

observer who is familiar with the faces concerned

(2). We have recently proposed that human famil-

iarity with a particular face can be modeled by a

process of image averaging (3), whereby different

photos of that face are merged to form a single

image (4). Here, we show that image averaging can

also greatly improve performance of an automatic

face-recognition system.

FaceVACS (Cognitec Systems GmbH, Dres-

den, Germany) (5) is an industry standard face-

recognition system that has been widely adopted

[e.g., SmartGate (Australian Customs Service)

at Sydney Airport]. For these studies, we used

an online implementation of FaceVACS at the

genealogy Web site MyHeritage (My Heritage

Limited, Tel Aviv, Israel) (6). We had no control

over the algorithm used by this system or the

database of known faces. The database con-

tained 31,077 photographs of famous faces, com-

prising an average of nine different photos for

each of 3628 celebrities. These photographs were

collected from diverse sources and were taken

over several decades with various cameras. They

are thus highly variable in their quality and cover

a wide range of lighting conditions, facial expres-

sions, poses, and age. Users of theWeb site upload

their own face images, and the system returns the

closest matching photograph from its database.

We fed this system photographs from our own

famous face database (5) in order to assess its

accuracy on images of real-world variability.

When the identity of the returned photograph

matched that of the uploaded image, we recorded

a hit. Otherwise, we recorded a miss. Our probe

database consisted of 500 images, comprising 20

different photographs for each of 25 male celeb-

rities who were also in the online database. Forty-

one of the probe images were identical to images

in the online database, and these were excluded

from the analysis. The overall hit rate for the

remaining 459 different images was 54%. The hit

rate for individual faces varied according to the

number of images of that face that were in the on-

line database. Performance ranged from 16% cor-

rect when seven images were stored to 89% correct

when 28 were stored. We next sought to establish

whether image averaging could improve overall

performance. For each test identity, we created a

new image by averaging together the 20 images of

that person in our probe database (Fig. 1). Note that

the online database and the matching algorithm

remained the same; the only change from the first

study was that we merged the probe images to

create an average image for each face (fig. S1).

Surprisingly, this simple process raised the hit rate

from 54% to 100%. This is unprecedented for such

varied images.

It is possible that the averages were well rec-

ognized simply because they incorporated some

recognizable photos. To rule out this possibility,

we constructed a new set of averages using only

those photographs that were unrecognized in the

first study. That is, we fixed baseline performance

at 0%, so that any improvement above 0% could

be attributed solely to the averaging process.

Applying image averaging to these missed items

raised the hit rate from 0% to 80%.

Our findings show that the simple process of

image averaging can dramatically boost automatic

face recognition. We demonstrated this improve-

ment with a commercially available algorithm and

an online face database over which we had no con-

trol. We suggest that image averaging enhances

performance by stabilizing the face

image. With standard photographs,

the match tends to be dominated by

aspects of the image that are not

diagnostic of identity (e.g., lighting

and pose). Averaging together mul-

tiple photographs of the same person

dilutes these transients while preserv-

ing aspects of the image that are con-

sistent across photos. The resulting

images capture the visual essence of

an individual’s face and elevate ma-

chine performance to the standard of

familiar face recognition in humans. It

would be technically straightforward

to incorporate an average image into

identification documents. Doing so

would greatly reduce the incidence

of face-recognition errors and raise the

prospect of a viable automatic face-

recognition infrastructure.
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Fig. 1. Example photographs of Bill Clinton and their average (right). [Image 1, photo by Marc Nozell (www.flickr.com/
photos/marcn/534512066); image 2, photo by Roger Goun (www.flickr.com/photos/sskennel/829574139); image 20,
photo by Nelson Pavlosky (www.flickr.com/photos/skyfaller/26752190). All photos were used under a Creative Commons
license.] Different pictures of a single face can vary enormously, making automatic recognition difficult. Averaging
together multiple photos of the same face stabilizes the image, improving performance dramatically.
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Probing the Carrier Capture Rate
of a Single Quantum Level
M. Berthe, R. Stiufiuc,* B. Grandidier,† D. Deresmes, C. Delerue, D. Stiévenard

The performance of many semiconductor quantum-based structures is governed by the dynamics of
charge carriers between a localized state and a band of electronic states. Using scanning tunneling
spectroscopy, we studied the transport of inelastic tunneling electrons through a prototypical
localized state: an isolated dangling-bond state on a Si(111) surface. From the saturation of the
current at an energy resonant with this state, the hole capture rate by the dangling bond was
determined. By further mapping the spatial extension of its wave function, the localized nature of
the level was found to be consistent with the small magnitude of its cross section. This approach
illustrates how the microscopic environment of a single defect critically affects its carrier dynamics.

A
localized state in the band gap of a

semiconductor is known to exchange

carriers by the emission or capture of

electrons/holes with conduction or valence bands,

respectively. Because of the limited scale in the

size of materials used in nanotechnology, such as

quantum dots, nanocrystallites, and nanowires,

developments in semiconductor devices critical-

ly depend on the ability to probe and understand

the carrier dynamics between confined elec-

tronic states and the states in the bands of the

semiconductor materials (1–3). So far, a com-

mon approach to study the probability (per unit

of time) of carrier capture and emission has re-

lied on the use of junction space-charge tech-

niques, such as photocurrent and capacitance

techniques (4). These techniques were first ap-

plied to point defects and interface states, which

are generally referred to as “deep level” because

the position of the energy level is far apart from

both band edges (5, 6). But such techniques re-

quire the formation of a space-charge region,

which is not always compatible with the current

dimensions of single nanostructures. As a result

of the size of the space-charge regions, junction

techniques also inherently involve the integration

of data over a large set of energy levels. There-

fore, probing the carrier dynamics of a single

deep level is still a challenge.

We report on the use of scanning tunneling

microscopy (STM) to probe the hole capture

rate of single deep levels with atomic-scale res-

olution. By saturating the injection of inelastic

electrons into the deep level of a Si adatom in

the boron-doped Si(111) (√3 × √3)R30° surface,
we are able to measure the hole capture rate of a

Si dangling-bond state and estimate its capture

cross section. Its magnitude is found to be con-

sistent with the localization of the deep-level

wave function, obtained from the spatial map-

ping of the differential conductance. Further-

more, by probing a large set of dangling bonds,

significant variations in the capture rates are ob-

served and related to the position of the B dopants

below the surface. Such a result demonstrates

the importance of the potential fluctuations in-

duced by the random distribution of charged

impurities on the carrier capture rate of single

quantum levels.

The experiments were carried out on a boron-

doped Si(111) surface with a scanning tunneling

microscope working at 77 K. As a result of the

segregation of B atoms during the surface prep-

aration at temperatures higher than 900°C, B

impurities substitute for most Si atoms located

just under the Si adatom position, causing the

passivation of the adatom dangling-bond states

(7). However, for a few minority sites, the substi-

tution does not take place, leaving their dangling-

bond states localized in the band gap region of

Si. Such an adatom appears bright in the empty-

state STM image (Fig. 1A) (corresponding to a

positive sample voltage), in contrast to the darker

passivated adatoms (8). Performing spectroscopic

measurements on a bright adatom with tunnel-

ing current setpoints lower than 10 nA reveals

a negative differential resistance (NDR) on the

current-voltage [I(V )] curve (Fig. 1C) and a broad

peak on the dI(V )/dV curve (Fig. 1D) in the Si

band gap region, which is a signature of the

tunneling of electrons through a localized state

(9). Unexpectedly, with increasing tunneling cur-

rent setpoints, the NDR peak intensity becomes

saturated at 15 nA.

It was recently shown that the transport through

this nonresonant dangling-bond state requires two

processes (Fig. 1B): a tunneling of an electron

between a tip state and the localized state at the

energy E0, and the nonradiative recombination

process of the electron with a hole from the

valence band (8). This second process is

assisted by the mechanical vibration of the

adatom, and it is the contribution of vibronic

states to the current that causes the significant

broadening of the NDR peak (10). In the steady-

state regime, the current corresponding to the

tunneling rate W must be equal to the current

due to the hole capture rate cpp by the Si

dangling-bond state, thus yielding I ¼ −
ecppW

cpp þW
,

where e is the magnitude of the electronic charge,

cp is the hole capture coefficient of the dangling

bond, and p is the hole concentration (11).

When the tunneling rate is much lower than

the capture rate (i.e., the tip-sample distance Z is

large, corresponding to small current setpoints),
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Fig. 1. Saturation of
the tunneling current
through a single nonres-
onant dangling-bond
state. (A) STM image of
the boron-doped Si(111)
(√3 × √3)R30° surface,
showing a single nonpas-
sivated bright Si adatom
(tunneling setpoint VS =
+1.4 V; I = 1 nA; temper-
ature T = 77 K). The inset
shows a differential con-
ductance image recorded
at VS = +0.6 V from in-
side the dashed square of
the topographic image
(Vmod = 15 mV; fmod =
2 kHz). (B) Schematic
illustrating the transport
through a dangling-bond
state (DB) at the energy eV, with a tunneling rate W for the tip electron and a capture rate cpp for the valence
band (VB) hole. EFTip and EFSi denote the tip and Si Fermi levels, and CB denotes the conduction band. (C)
Tunneling current spectrameasured on a nonpassivated Si adatom for different setpoint currents at VS = +1.4 V.
(D) Correspondingdifferential conductance spectrameasuredwith a lock-in amplifier (Vmod=15mV; fmod=2kHz).
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the tunneling current is proportional to the tun-

neling rate. But, when the tunneling rate in-

creases (higher current setpoints) and becomes

higher than the capture rate, the capture rate

limits the current driven through the dangling-

bond state ðI ¼ −ecppÞ. As a result, the current
becomes nearly saturated at the energy where

the tip Fermi level is resonant with the dangling-

bond state.

Because a precise determination of the satura-

tion current intensity requires increasingly higher

tunneling current setpoints, which can sometimes

lead to a modification of the surface, we have

adopted another approach to directly measure the

capture rate. By recording I(Z) curves in the

band gap region up to the bottom of the con-

duction band, we observe (Fig. 2) that the var-

iation of the current intensity deviates from a

characteristic exponential increase (12–14), with

the exception of the I(Z ) curves acquired with

voltages higher than +1.2 V. For these voltages,

an exponential increase is seen after an initial

plateau and corresponds to the contribution of

conduction band states to the tunneling current,

resulting from a stronger downward band

bending when the tip comes closer to the surface

(15). But, at lower voltages, the downward band

bending is not strong enough, and transport oc-

curs only through the vibronic states of the Si

dangling bond down to +0.5 V. For these volt-

ages, the current reaches a maximum value, con-

firming the saturation observed in Fig. 1A. The

highest current intensity of 15 nA is found for a

voltage of +0.6 eV, thus yielding a hole capture

rate for the dangling-bond state of cpp = 1011 s–1.

From the degenerate concentration of B

dopants (1020 B⋅cm–3) in the sample (8), we

can estimate cp and find a value of 10
−9 cm3 s–1.

Although the capture coefficient is the mean-

ingful physical quantity, it is common to intro-

duce the capture cross section sp = cp /nth (with

nth being the average thermal velocity of the

trapped carrier) to characterize the carrier trap-

ping efficiency of a deep level (2). A cross sec-

tion of 1.1 × 10−16 cm2 is thus obtained and

agrees with the theoretical prediction for the

capture cross section of a dangling bond in Si

(16). Such a value also belongs to the order of

magnitude usually found experimentally for the

capture cross sections of deep levels in semi-

conductors (17), like the so-called Pb center,

which consists of a dangling bond located at

the Si(111)-SiO2 interface and where sp was

measured by deep-level transient spectroscopy

(DLTS) (18).

Because sp is related to the spatial extent of

the deep level when the level crosses the valence

band to capture a hole while the lattice vi-

brates (17), it is interesting to spatially resolve

the square of the deep-level wave function to

compare its extent with sp. From the spatial

mapping of the wave function in the dI/dV im-

age recorded at the energy of the dangling-bond

state (Fig. 1A, inset), we measure an average spa-

tial extent of 10 Å. Assuming that the dangling

bond can be modeled by a square well potential

with spherical symmetry, resulting from the

position of E0 = 0.4 eV far above the top of

the valence band, the radius of the bound state is

given by a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ħ
2=2m*E0

q
, where ħ is Planck’s

constant h divided by 2p. Taking m* = 0.36 mO

(wheremO is the free-electronmass, 9.1 × 10
–31kg),

we find a spatial extent of 2a = 10.2 Å, which is in

good agreement with the experimental value, thus

indicating a strong localization of the state, which

is as expected from the small magnitude of sp.

In contrast to the DLTS technique, which

yields an average capture rate for all the deep

levels of a space-charge region, STM can readily

Fig. 2. Tunneling current IT versus
tip displacement at different VS. The
feedback loop (VS = +1.5 V; IT =
5 nA) was first opened; VS was set
to a voltage between +1.3 and
+0.3 V; and the tip was dis-
placed away from the surface by
3.7 Å, then moved back and forth
by 6.0 Å (corresponding to the
data shown), and finally returned
to its initial position.

Fig. 3. Variation in the saturation current for three nonpassivated bright Si adatoms labeled DB1, DB2,
and DB3. (A) Empty-state STM image (VS = +1.4 V; IT = 1 nA). (B) Filled-state STM image (VS = –0.3 V;
IT = 1 nA), where a faint protrusion related to a passivated Si adatom located above a subsurface
acceptor (BAcc) is indicated, as well as a passivated adatom of the bare surface (BS) that is away from
any defects or subsurface dopant atoms. (C) Tunneling current versus tip displacement for the three
bright Si adatoms, BS, and BAcc at VS = +1.2 V. (D to H) Spatial maps of the tunneling current versus
tip displacement for distances of 1.07, 1.89, 3.05, 3.86, and 5.17 Å, respectively, at VS = +1.2 V
(feedback parameters VS = +1.4 V; IT = 1 nA).

Fig. 4. Distribution of the current intensity at
saturation.
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probe individual deep levels. As shown in Fig.

3A, three bright adatoms are visible. By perform-

ing spatial mapping of I(Z) curves, we observe

that the current intensity does not vary in the

same manner for these three dangling bonds, as

seen in the sequence of Fig. 3, D to H, corre-

sponding to current intensity maps obtained at

different tip-surface distances. For the dangling

bonds labeled DB1 and DB2, their contrast

begins to saturate after the tip has moved toward

the surface by 3.05 Å (Fig. 3F) and 3.86 Å (Fig.

3G), respectively, whereas a halo, a sign of sat-

uration, is seen at a higher tip displacement for

dangling bond DB3 (Fig. 3H).

The saturation of the current intensity for

the three dangling bonds is obtained from the

plot of the I(Z) curves in Fig. 3C. We find that

the current intensity at saturation is four times

higher on DB1 than on DB3. Although the spatial

mapping of the I(Z) curves cannot be recorded at

the energy E0 (19), similar variations are found

when single I(Z) spectra are measured on differ-

ent dangling bonds at the energy E0, as illustrated

in fig. S1 (20). Thus, such a result indicates that

the capture rate depends on the environment of

the dangling bond.

To understand such variations of the capture

rate, we acquired the image in Fig. 3B simul-

taneously with that in Fig. 3A. In this filled-state

image, the three dangling bonds appear bright,

but they are each surrounded by a dark region,

with different spatial extents and depths. These

regions are the signature of the Coulomb inter-

action between the charged dangling bonds and

the free holes. The strength of this interaction is

intimately related to the distribution of subsur-

face charged acceptors. As shown in (8), the ac-

ceptors appear as bright protrusions superimposed

to the atomic corrugation of the Si adatoms in

the filled-state STM image (Fig. 3B). Notably,

two acceptors are found to be quite close from

DB3, whereas no acceptor is visible around DB1.

Such a distribution is quite consistent with the

variation of the saturated current measured be-

tween the three dangling bonds and demon-

strates that the potential fluctuations caused by

the random distribution of B dopant atoms dra-

matically change the capture rate of a dangling

bond.

By measuring similar I(Z) curves for more

than 90 dangling bonds, we found a distribution

of the current intensities at saturation that is

centered at 16 nAwith a SD of 9 nA (Fig. 4). To

explain this deviation, we analyzed the I(Z) curves

that were measured away from the bright Si

adatoms. From the exponential tunneling be-

havior of these I(Z) curves (see curves labeled

BS and BAcc in Fig. 3C), the spatial variations

of the apparent barrier height are extracted (21)

and yield a potential fluctuation range of 25 meV.

Such fluctuations are expected to affect both

the capture coefficient and the hole concen-

tration. At 77 K, the capture cross section has a

thermally activated behavior (22), and we esti-

mate that the potential fluctuations induce a

variation of the capture cross section by a factor

of 1.4 (at most). Furthermore, the heavy doping

of the Si sample yields a narrowing of the band

gap of 130 meV. The potential fluctuations lead

to a modification of the band gap narrowing,

causing substantial variations of the hole concen-

tration, which we estimate to range between

0.6 × 1020 and 1.7 × 1020 hole⋅cm–3 (23, 24).

Such variations of the capture cross section and

hole concentration agree well with the mea-

sured distribution of the current intensities at

saturation.

Although the capture rate is measured for a

nonradiative recombination process involving the

emission of vibrations, this new method is ex-

pected to be valid for the direct measurements of

a wide range of carrier dynamic processes be-

tween a bound state and a continuum of states. It

should be suitable to explore the capture and re-

laxation of charge carriers by the bound states of

quantum dots or by point-defect states in nano-

structures, such as nanowires, nanotubes, and sin-

gle atomic sheets.
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Spin Conservation Accounts
for Aluminum Cluster Anion
Reactivity Pattern with O2

R. Burgert,1 H. Schnöckel,1* A. Grubisic,2 X. Li,2 S. T. Stokes,2

K. H. Bowen,2 G. F. Ganteför,3 B. Kiran,4 P. Jena5

The reactivity pattern of small (~10 to 20 atoms) anionic aluminum clusters with oxygen has posed
a long-standing puzzle. Those clusters with an odd number of atoms tend to react much more
slowly than their even-numbered counterparts. We used Fourier transform ion cyclotron resonance
mass spectrometry to show that spin conservation straightforwardly accounts for this trend. The
reaction rate of odd-numbered clusters increased appreciably when singlet oxygen was used in
place of ground-state (triplet) oxygen. Conversely, monohydride clusters AlnH

−, in which addition
of the hydrogen atom shifts the spin state by converting formerly open-shell structures to
closed-shell ones (and vice versa), exhibited an opposing trend: The odd-n hydride clusters reacted
more rapidly with triplet oxygen. These findings are supported by theoretical simulations and
highlight the general importance of spin selection rules in mediating cluster reactivity.

M
etal-atom clusters occupy a broad mid-

dle ground between small molecules

and extended solids. Early mass spec-

trometric studies revealed certain atomic compo-

sitions that exhibited unusual stability and were

therefore termed “magic.” A framework analo-

gous to the atomic shell-filling model has been

successful in rationalizing many of these ob-

servations on the basis of electronic structure

considerations; i.e., the valence electrons are

governed by an average potential created by the

residual positive charges. The result is a jellium-
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like shell structure with “magic” electron num-

bers 2, 8, 20, 40, 70, etc. (1, 2). Though these

“magic” numbers were first recognized for metal

clusters of sodium (3) and other metals con-

taining s-valence electrons (e.g., Cu, Ag, Au),

they have also been applied to Al clusters be-

cause there is an overlap of 3s and 3p orbitals

for clusters containing more than nine atoms

(4, 5). Although the unusual stability of, e.g.,

Al13
− with its 40 electrons has been well ex-

plained (6), for Al clusters in general, certain

reactivity patterns remain puzzling. One of these

is the odd/even effect whereby Aln
− clusters

with an odd number of Al atoms react much

more slowly with oxygen than do even-numbered

clusters (7–9). According to previous studies,

the reactivity of large Al clusters with oxygen

should be determined by two factors, namely,

the energy required to remove an Al atom and

the electron affinity of the cluster (10). How-

ever, these factors alone may not be sufficient to

describe the observed odd/even effect. The re-

duced reactivity of the Alodd clusters with triplet

oxygen (3O2) was mentioned frequently in the

literature (11), but to our knowledge, the role of

the spin has not been considered in this context

(7–9). Spin conservation was estimated to be

negligible because for multielectron systems like

clusters, intersystem crossing processes were ex-

pected to take place quickly so that the inter-

mediate products should always have the lowest

possible spin multiplicities. Here, we demon-

strate that this concept should be reconsidered.

Spin conservation has an essential influence not

only on reactions of small molecules—textbook

examples are the fast reaction of NO radical

with O2 and the low reaction rate between SO2

and O2—but also on Al clusters. Similar con-

clusions have been reached in a recent study

on the reactions of several Al4Hn

− species

with O2 (12). To investigate this issue in more

detail, we studied reactions between AlnH
− clus-

ters and triplet O2 as well as those of mass-

selected Al13
− clusters with singlet O2 by

Fourier transform ion cyclotron resonance mass

spectrometry (FT-ICR MS) and by quantum

chemical calculations.

Our apparatus and cluster ion source have

been described elsewhere (13, 14). The experi-

ments were performed under ultrahigh-vacuum

(UHV) conditions, so that only a few collisions

with other molecules (approximately one colli-

sion per 10 s per cluster) could occur (13, 14).

The reaction time can be expanded and primary

steps followed. In this way, snapshots of the re-

action processes are taken, i.e., cluster degrada-

tion due to the formation of molecular aluminum

monoxide. Al2O is known to be a prominent

gas-phase species produced in high-temperature

reactions of aluminum and oxygen (15).

By 1989, Castleman (16) and Jarrold (7) and

their colleagues had respectively demonstrated

that anionic and cationic Al cluster ions showed

the above-mentioned odd/even effect in the pres-

ence of O2. Hettich (9) confirmed this behavior for

Aln
− cluster ions through FT-ICR MS experiments

(fig. S1). Motivated by these results, we examined

this odd/even effect by exposing mass-selected

Al13
− and Al14

− clusters, two representatives of

the Alodd
− and Aleven

− series, respectively, to an

O2 atmosphere at 10
−8 mbar. Al13

− clusters proved

relatively inert (just as Castleman had reported),

and only small traces of Al9
− clusters (as reaction

products) were detected during our FT-ICR MS

investigations (Eq. 1).

1Al13
− + 3O2 →

3[Al13 ∙O2]
− −0.36 eV (1a)

3[Al13∙O2]
−
→
→

1Al13O2
− spin transition

1Al13O2
−
→

1Al9
− + 2 1Al2O (1c)

Al13
−(g) + 3O2 → Al9

−(g) + 2 Al2O(g)

2Al14
− + 3O2 →

2[Al14 ∙O2]
− −2.76 eV (2a)

2[Al14 ∙O2]
−
→
→

2Al14O2
−

2Al14O2
−
→

2Al10
− + 2 Al2O

Al14
−(g) + 3O2 → Al10

−(g) + 2 Al2O(g)

In contrast, we found that mass-selected

Al14
− clusters reacted spontaneously to give

Al10
− [and two Al2O (15, 17, 18) equivalents]

under the same conditions (Eq. 2).

Although Al13
− is a “double magic” cluster

(40 electrons fulfill the shell model and the to-

pology represents a centered icosahedron) (19),

and thus of particular importance, analogous

findings were also found for reactions of other

odd- and even-numbered clusters with O2. Gen-

erally, all Alodd
− clusters react much more slowly

with triplet oxygen than do Aleven
− clusters.

To understand the experimental observa-

tions, we drafted the following spin conserva-

tion hypothesis. With its 40 valence electrons

(closed shell), the spin multiplicity of the ground

state of the Al13
− cluster is a singlet (1Ag) and is

labeled by 1Al13
− in the text below. Correspond-

ingly, 2Al14
− has a doublet ground state (2A″)

due to its one unpaired electron [detailed infor-

mation on quantum chemical calculations and

spin states is available in the supporting online

material (fig. S3 and table S1)]. Initially, these

species form adducts with 3O2 with the asso-

ciated oxygen molecule bound to the surface of

the cluster (denoted by [Al13∙O2]
− and [Al14∙O2]

−

in Eqs. 1a and 2a, respectively). Due to spin con-

servation restrictions (20), 3[Al13∙O2]
− is formed

in a triplet state and 2[Al14∙O2]
− in a doublet

state. Subsequently, the oxygen molecule dis-

sociates on the surface of the structurally re-

arranging cluster (Eqs. 1b and 2b, respectively),

causing the cluster to heat up and leading to

fragmentation of the cluster (Eqs. 1c and 2c).

Because 3[Al13∙O2]
− is in a triplet state, whereas

its energetically accessible fragments, Al9
− and

Al2O, are all singlets, there must be a spin

transition—an inherently slow process. The

direct formation of 1[Al13∙O2]
− (singlet state)

from 1Al13
− and 3O2 is spin forbidden and

therefore unlikely to proceed, because spin-orbit

coupling in the case of light metals like alumi-

(1b)

(1)

(2b)

(2c)

(2)

Fig. 1. Typical FT-ICR mass spectra after laser-desorption/ionization. (A) In the presence of H2 as the
collision gas during the cluster generation, AlnHm

− clusters are formed. (B) After admitting 3O2, all
AloddH

− react rapidly away. m/z, mass/charge ratio.
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num is small, preventing appreciable overlap

between the potential energy surfaces (PESs) of

different spin states (20). In contrast, in the case

of Al14
−, no such spin transition need occur be-

cause the initially formed 2[Al14∙O2]
− can react

directly via 2Al14O2
− to form products 2Al10

− and

Al2O. We therefore hypothesized that for reac-

tions of Al clusters with 3O2, diminished rates are

expected if the initially formed O2 adduct is a

triplet (due to spin conservation, e.g., 3[Al13∙O2]
−)

and the final products are singlets (here, 1Al9
−

and 1Al2O).

To substantiate this idea experimentally, we

manipulated the spin state of the aluminum-

containing reactants by preparing aluminum hy-

dride cluster anions, AlnH
−, and exposed them

to 3O2; we changed the spin of O2 by generating

singlet oxygen (1O2), allowing it to react with

Al13
− and other odd-numbered Aln

− clusters.

Upon addition of a hydrogen atom, the num-

ber of electrons in the cluster core changes by

one, which also changes the spin state. We gen-

erated AlnH
− clusters by reaction of Aln

− clus-

ters with hydrogen (Fig. 1A) (21). All AloddH
−

reacted rapidly with 3O2, whereas AlevenH
−

proved inert. Thus, the reactivity pattern was

notably inverted relative to Aln
− behavior, e.g.,

Al13H
− reacted, even though Al13

− (and Al13H2
−)

had been nearly unreactive (Fig. 1B), whereas

the initial Al14H
− signal remained unchanged,

while Al14
− reacted away (Eqs. 3 and 4). The

observed universality of such behavior for

these systems indicates that triplet oxygen re-

acts rapidly with all species in a doublet spin

state (and possibly higher spin states), where-

as it reacts much more slowly with species in

a singlet state. The shell model considerations

play a role as well by explaining the partic-

ularly unreactive character of certain clusters,

most notably Al13
−.

2Al13H
−(g) + 3O2 →

2[HAl13∙O2]
− −1.93 eV (3a)

2Al13H
−(g) + 3O2 →

2Al9H
−(g) + 2 Al2O(g) (3)

1Al14H
−(g) + 3O2 →

3[HAl14∙O2]
− −1.43 eV (4a)

1Al14H
−(g) + 3O2 →

1Al10H
−(g) + 2 Al2O(g)

1Al13
− + 1O2 →

1[Al13∙O2]
− −3.16 eV (5a)

1[Al13∙O2]
−
→

1Al13O2
− −4.53 eV (5b)

1Al13O2
−
→

1Al9
− + 2 Al2O 3.60 eV (5c)

1Al13
− + 1O2 →

1Al9
− + 2 Al2O −4.09 eV (5)

In the reaction of Al13
− with 1O2,

1[Al13∙O2]
−

is expected to form in its singlet state (Eq. 5a). In

the course of further reaction through 1Al13O2
−

(in which O2 is dissociated) to the products
1Al9

−

and 2 Al2O, all reaction steps are spin allowed

(Eqs. 5b and 5c). In contrast to reactions with 3O2,

no spin transition is needed in the case of 1O2, and

therefore the reaction can proceed unimpeded.

Although 1O2 is extremely short-lived in

dense gases at pressures around 1 atm, the aver-

age lifetime of 1O2 (
1
Dg) can be extended up to

3 × 103 s under collision-free conditions (pres-

sure of ~10−8 mbar) (22), and experiments can

be performed on this time scale. To generate 1O2,

we exposed 3O2 to a static electrical discharge

(Tesla coil) (23), yielding a 1O2/
3O2 mixture. Only

1O2 molecules reacted at an appreciable rate with

Al13
−, and Al9

− would be expected as the only

product. As shown in Fig. 2, Al13
− was de-

graded to Al9
− in a 1O2-containing atmosphere.

The large excess of 3O2 did not affect the ex-

periment to an appreciable extent because the

reaction of Al13
− with 3O2 is much slower [Fig.

2 (left)].

Tesla coil discharges can also induce forma-

tion of O atoms. If O atoms were to survive

without reacting with the apparatus walls, they

could potentially react with Al13
− to form Al11

−

as indicated in Eq. 6. However, as shown in Fig.

2 (right), no Al11
− formation was observed.

Al13
−(g) + O→ Al11

−(g) + Al2O(g) (6)

1Al13
− + 1O3 →

1Al11
− + Al2O + 1O2 (7)

1Al11
− + 1O3 →

1Al9
− + Al2O + 1O2 (8)

In addition, ozone (O3) could be formed in

the discharge as well (23). To characterize the

reactivity of O3, we exposed Al13
− clusters to

a pure O3 atmosphere (23). This experiment

showed that Al13
− decomposed into Al11

− and

Al9
−, as well as into Al2O as coproduct (fig. S2

and Eqs. 7 and 8). Ozone has a singlet electronic

ground state, and therefore all reaction steps are

spin-allowed. As shown in Fig. 2 (right), Al11
− is

absent, indicating that O3 was also not a major

factor in the reaction of Al13
− with the 1O2/

3O2

mixture. (24)

To support our experimental findings, we per-

formed quantum chemical calculations at the

second-order Møller-Plesset (MP2) level of the-

ory with a triple-zeta polarization (TZVP) basis

set using the Gaussian03 code (25). Coupled

cluster with single, double and perturbative

Fig. 2. Reactions of mass-selected Al13
− clusters with 3O2 (left) and with a 1O2/

3O2 mixture (right).
The FT-ICR mass spectra show Al9

− as the only major reaction product at m/z = 242.9 after up to
400 s of exposure to 3O2 and

1O2/
3O2.

Fig. 3. Energy diagram (calcu-
lated) for the interaction of 1O2 and
3O2 on the Al13

− cluster surface.
The transition from 3[Al13∙O2]

− to
1Al13O2

− is estimated to be a multi-
stage process in which O2 is first
bound side-on, then rearranges to
end-on, after which the O-O bond is
disrupted, new Al-O-bonds are
formed (m3), and the spin state
changes from triplet to singlet. In
addition, the further degradation to
Al9

− and two Al2O is displayed.

(4)
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triple excitations [CCSD(T)] single-point calcu-

lations were performed with the same basis set

on MP2-optimized geometries. Unless other-

wise noted, all energetic results reported here

correspond to those obtained at the CCSD(T)

level (26).

In modeling the odd/even effect, we assumed

that the total reaction, wherein an Aln
− cluster is

reduced to two smaller fragments by oxygen, is

a multistage process. In the initial step, O2 in-

teracts with the cluster to form an adduct, which

further dissociates into the products Aln-4
− and

two Al2O. The reactivity of a given cluster is

determined by the nature of the initial interac-

tion of O2 with the cluster to form the adduct.

Theoretical investigations on similar reactions

between 1O2 and unsaturated hydrocarbons (2 +

2 and 2 + 4 cycloadditions, “ene”-reactions) have

revealed a puzzling array of reactive outcomes

(27, 28). Our calculations reveal that the initial

interaction of O2 with the cluster leads to an

association complex, in which the O-O bond is

slightly elongated, but remains intact (29).

Subsequently, there is a strong bond formation

between Al atoms and O2, which is the rate-

determining step. By comparison, the reaction

of 3O2 with C=C systems proceeds similarly,

first through formation of a C-C-O-O adduct

and then dissociation to products (28). Next, we

calculated the reaction energies for each cluster.

The spin-allowed interaction of 1O2 with Al13
−

leading to formation of 1[Al13∙O2]
− is calculated

to be highly exothermic by −3.16 eV (Eq. 5a).

Reactions of 1O2 with carbon-carbon bonds are

known to be concerted. Therefore, we assume

that both O-Al bonds are formed simultaneously

(Fig. 3). In subsequent reaction steps, both O

atoms separate to give 1Al13O2
− (Eq. 5b). This

multistage process in which O2 dissociates and

covalent Al-O bonds are formed is also cal-

culated to be highly exothermic (−4.53 eV). As

experimentally observed, Al9
− and 2 Al2O mol-

ecules are formed as final products of this re-

action cascade. The degradation of 1Al13O2
− to

these products is calculated to be endothermic

by 3.60 eV (Eq. 5c). Thus, the net reaction is

exothermic by −4.09 eV.

Concerning the association reaction of Al13
−

with 3O2, we found that the initial interaction is

only slightly exothermic by −0.36 eV (−35 kJ

mol−1) (Eq. 1a). In contrast to reactions of 1O2,

the 3O2 diradical reacts through a consecutive

pathway with only one O-Al bond being formed

in the first step (Fig. 3). We calculated the for-

mation of 2Al14O2
− to be exothermic by −2.76 eV

(−267 kJ mol−1) (Eq. 2a).

For reactions of aluminum hydride clusters

with 3O2, we observed a similar trend, where the

formation of 3[HAl14∙O2]
− (triplet state) is less

exothermic than the formation of 2[HAl13∙O2]
−

(doublet state) (Eqs. 3a and 4a).

The calculations indicate that on an alumi-

num hydride cluster surface, the initial interac-

tion of oxygen is again less exothermic if the

intermediate adduct is formed in a triplet state.

As demonstrated by the calculations (Fig. 3),

the formation of 1Al13O2
− is highly exothermic,

but its total heat of formation (−7.69 eV) cannot

be dissipated under UHV conditions; as a result,
1Al13O2

− fragments by loss of two Al2O mol-

ecules within a few nanoseconds (SOM Text,

section 2). The cleavage of Al2O is endothermic

and will absorb much of that energy (3.60 eV).

Though the above reactions are all spin-allowed,

it is noteworthy that the highly exothermic for-

mation of 1[Al13∙O2]
− (singlet state) from Al13

−

and 3O2 is not probable according to spin con-

servation rules (Eq. 1d).

The results of the calculations indicate that

the formation of the initial oxygen adducts of all

theoretically considered systems are exothermic

and therefore spontaneous. Yet, observing that

the exothermicity trend (Al14
− > Al13H

− >

Al14H
− > Al13

−) closely parallels the trend of

their reactivity toward oxygen (Al14
− ~ Al13H

− >

Al14H
− >> Al13

−) led us to believe that although

the spin-conservation factors must play a dom-

inant role, to fully understand the kinetics of oxi-

dation of these systems one has also to consider

the energy factors. For example, systems forming

a triplet initial adduct (e.g., Al13
− and Al14H

−)

need to cross from their PES onto the PES of the

singlet state (spin flip). As mentioned earlier,

these transitions are inherently slow in light atom–

containing species owing to their small spin-orbit

coupling. In addition, crossing points between

PESs of different spin states regularly occur at

geometries different from that of the ground state,

and therefore an energy barrier inherently accom-

panies these transitions. Consequently, a sufficient

amount of energy is a necessary, yet not a suf-

ficient condition, for spin flip reactions to proceed.

For example, particularly stable systems such as

the “double magic” Al13
− do not release the re-

quired amount of energy upon adduct formation

(−0.36 eV) to even reach the crossing point

where the spin flip could occur. In contrast, the

less-stable singlet systems such as Al14H
− and

probably most other Alodd
− and AlevenH

− systems

that release a considerable amount of energy

upon adduct formation (e.g., −1.43 eV in the case

of Al14H
−) can likely reach the barrier energet-

ically; however, these systems still suffer from

the low probability of the transition between the

two spin surfaces. This twofold control of

kinetics could explain why among unreactive

Alodd
− and AlevenH

− clusters, some clusters, most

notably Al13
−, prove particularly unreactive.

Thus, although the calculations could not

fully illuminate the reactive pathway, they were

nevertheless instructive and essentially supported

our hypothesis: Reactions slow down if in ac-

cordance with spin conservation rules, the initial

O2 adduct is formed in a triplet state. This is true

for pure Al clusters, as well as for Al cluster

hydrides. When Al13
− or Al14H

− react with 3O2,

the intermediate adducts are formed in a triplet

state. Because the final products of these re-

actions are all in singlet states, there must be a

spin transition in the course of the reaction cas-

cades. In the case of Al14H
−, the formation of

3[HAl14∙O2]
− is exothermic by −1.43 eV. This step

provides sufficient energy to eventually undergo

a spin transition. Therefore, it is not surprising

that reactions of Al14H
− and 3O2 are slow in

comparison with Al14
−, but are much faster

than reactions of Al13
−, for which formation

of 3[Al13∙O2]
− is less exothermic (−0.36 eV).

In conclusion, we have shown that the re-

activity of Aln
− clusters with 3O2 exhibits an odd/

even trend that gets inverted upon addition of a

single hydrogen atom. We furthermore demon-

strated that Al13
−, which reacts negligibly with

3O2, reacts much more rapidly when exposed

to even a small amount of 1O2. These findings

together represent direct experimental proof of the

importance of spin in explaining the odd/even

pattern observed for reactivities of Al clusters

toward oxygen. It remains to be seen whether other

systems can be experimentally shown to undergo

similar selectivity. However, we speculate that as

long as the reactant molecule exhibits a triplet state

and the cluster series alternates in spin states, the

spin restrictions may become crucial and cause

clusters to exhibit the odd/even effect. In sup-

port of this idea, our recent study of similarly

exothermic reactions of mass-selected Aln
− clus-

ters with Cl2 showed only small differences in

reactivities of neighboring Al clusters, agreeing

with our expectations for a reactant in a singlet

state (1Cl2) (13).

One implication of our study may have rel-

evant consequences for catalysis. For example,

deposited nanoparticles, clusters, or surface sites

that possess specific spin states may exhibit

highly selective catalytic behavior, arising from

the difficulty of metal clusters containing light

elements like aluminum to undergo a spin flip

during the primary steps of a reaction (20). For

clusters of heavier metal atoms with considerable

spin-orbit coupling, this kind of selectivity may

not be possible. Another important result is re-

vealed when comparing the “double magic” Al13
−

super atom with the bulk metal (SOM Text,

section 1). In both cases, there are marked to-

pological (e.g., coordination number of the central

atom is 12) and thermodynamic similarities

(13, 14) [e.g., the formation of solid Al2O3 from

Almetal and Al13
− exhibits nearly the same reaction

enthalpy DRH
∅(0 K): Eq. 9 (−3399 kJ mol−1) and

Eq. 10 (−3351 kJ mol−1)]. Within the error margin

(theory and experiment), these enthalpy values

equal the energy differences presented in Eqs.

1 to 5, 9, and 10. (Eqs. 9 and 10):

Al13
−(g) + 3 O2 → Al9

−(g) + 2 Al2O3(s)

−35.2 eV

4 Al(bulk) + 3 O2 → 2 Al2O3(s)

−34.7 eV

Thus, Al13
− may provide a suitable model for

some aspects of the surface of bulk Al. If so, there

may be an analogy between the slow reaction of

(9)

(10)
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3O2 with bulk Al (30) and with the Al13
− cluster.

Because the interpretation of the low bulk re-

activity remains unsettled, the results presented

here may prove useful in unraveling the contro-

versy surrounding the interpretation of solid-state

aluminum reactivity. Furthermore, spin states play

an important role in long-known oxidation

processes (e.g., O2/NO/NO2; O2/SO2/SO3), and

also in the oxidation of carbon compounds: The

first detailed experimental and theoretical data

for 1O2 reactions with 2 + 4 and 2 + 2 cyclo-

additions were presented only a decade ago

(28). Thus, the present results may initiate fur-

ther FT-ICR investigations of 1O2 and
3O2 reac-

tions in many other chemical oxidation processes

that affect our daily lives, e.g., in biology (res-

piration), engineering (corrosion), and energetics

(combustion).
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NMR Imaging of Catalytic
Hydrogenation in Microreactors
with the Use of para-Hydrogen
Louis-S. Bouchard,1* Scott R. Burt,1 M. Sabieh Anwar,2 Kirill V. Kovtunov,3

Igor V. Koptyug,3 Alexander Pines1*

Catalysis is vital to industrial chemistry, and the optimization of catalytic reactors attracts
considerable resources. It has proven challenging to correlate the active regions in heterogeneous
catalyst beds with morphology and to monitor multistep reactions within the bed. We demonstrate
techniques, using magnetic resonance imaging and para-hydrogen (p-H2) polarization, that allow
direct visualization of gas-phase flow and the density of active catalyst in a packed-bed
microreactor, as well as control over the dynamics of the polarized state in space and time to
facilitate the study of subsequent reactions. These procedures are suitable for characterizing
reactors and reactions in microfluidic devices where low sensitivity of conventional magnetic
resonance would otherwise be the limiting factor.

C
atalysis is a fundamental component to

many industrial processes and, conse-

quently, the optimization of catalytic

reactions and reactors attracts considerable tech-

nological effort and financial commitments. An

important aspect of this optimization is to corre-

late the spatial distribution of the reactive con-

version inside the reactor with the morphology

and packing of the catalyst. Here, we describe a

spectroscopic method for this purpose based on

magnetic resonance imaging (MRI) (1) that uses

hyperpolarized spins derived from p-H2 (2, 3).

Specifically, we achieve high-resolution, spatially

resolved profiles of heterogeneous hydrogena-

tion reactions taking place at a solid-gas interface

inside a microreactor. We demonstrate strongly

enhanced nuclear magnetic resonance (NMR) sig-

nal intensities in the gas phase as well as precise

control over the spatiotemporal dynamics of the

polarization. The enhanced sensitivity is particu-

larly important for tracking gases and products in

small volumes [e.g., in microfluidic devices (4, 5)

or the limited void space of a tightly packed

catalyst bed]. Moreover, the controlled delivery

of p-H2–induced nuclear spin polarization acts as

a spin label that can transport polarization to

remote regions in the reactor. This work has im-

plications for studying kinetics and mechanisms

of multistep heterogeneously catalyzed reactions

and fluid-flow transport, as well as mass and heat

transfer. Such characterization should facilitate

improved reactor and catalyst design.

Methods to optimize microreactors would be

welcome in the context of microfluidic (lab-on-a-

chip) technology. In recent years, the compelling

advantages of microfluidic technology (4, 5) in

biopharmaceutical applications, chemical analy-

sis (6), organic synthesis (7, 8), and industrial

catalysis have been recognized and demonstrated
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(9, 10). These include smaller volumes and

substantial economic savings, precise control of

reactant delivery, improved fluid transport and

heat dispersion, control of reaction rates, en-

hanced safety of highly exothermic or explosive

processes, and the possibility of faster reactions,

improved yield, and chemoselectivity. Recent

developments in microfluidic technology also

provide powerful means for performing complex

reactions, such as multistep transformations (9)

or multiphase reactions (10). Furthermore, the

use of catalysts immobilized on solid supports in

flow-modemicroreactors has recently been shown

to result in highly efficient reactions (10, 11).

One important characterization for the opti-

mization of catalyst bed reactors is the flow map.

Knowledge of the velocity distribution of the re-

action product enables study of transport phenome-

na within a microreactor (12–14) and optimization

of the catalyst packing and reactor geometry.

High flow uniformity in a catalytic converter is

crucial for avoiding non-uniform deactivation of

the catalyst caused by both chemical and thermal

aging.With the increasing sophistication of math-

ematical modeling, such systems are routinely

characterized by computational fluid dynamics.

However, the relevance of such models is in

doubt until they are validated against real mea-

surements (15). This is particularly difficult in

packed-bed microreactors where the methods

available are limited to tracers and bulk (average)

properties of temperature, conversion, and veloc-

ity. Despite the need for validation, the spatio-

temporal distribution of reactants and products in

heterogeneous systems has been seldom visited by

chemical engineering researchers in recent years,

owing to the substantial difficulties with perform-

ing quantitative measurements in situ (15).

Various techniques have been used to study

the motion of fluids in catalytic processes. For

example, capacitance (16), single-photon emission–

computed tomography (17), and positron emission

tomography (18) are used to monitor gas-liquid

distributions in multiphase reactors. But these

methods measure average flow properties and

have limited spatial resolution. The use of MRI

to characterize microreactors is advantageous

because the technique is noninvasive, can probe

optically opaque media, and is appealing for

catalysis because of the variety of molecular

parameters that can be mapped with considerable

chemical and spatial selectivity (19). Specifically,

flow maps and local density profiles can be gen-

erated, molecular mobility can be tracked, and

chemical reaction mechanisms can be probed

with spin-labeled nuclei (20). Previous applica-

tions of MRI to heterogeneous catalysis included

studies of hydrogenation processes without p-H2

(21, 22), catalyst morphologies and synthesis

techniques (23, 24), and fluid flow through the

catalyst bed (25), as well as monitoring of ester-

ification reactions (12, 13) in situ. All of these

applications were based on the NMR signal de-

tection of the liquid phase and thus offer a sen-

sitivity that is three orders of magnitude larger as

compared with gases, resulting from the difference

in density. The sensitivity enhancement offered by

p-H2–induced polarization (PHIP) is essential for

the application of MRI to heterogeneous chem-

ical reactions in the gas phase.

p-H2 (2, 3, 26) is characterized by a singlet

nuclear spin wave function and is relatively easy

to prepare in quantum-state ensembles of very

high purity. The total nuclear spin angularmomen-

tum of this state is zero, resulting in no observable

NMR signal. However, if the protons participate in

pairwise hydrogenation in which they become

magnetically inequivalent, strong observablemag-

netization can be produced (2, 3, 26) with a signal

enhancement factor typically on the order of 104.

For instance, if p-H2 is used in the hydrogenation

of propylene into propane (27, 28), the p-H2–

derived protons will be in the singlet state im-

mediately after the transformation of the substrate

molecule into the product molecule. Typically,

the molecular additions occur at randomly dis-

tributed times, and the result is an incoherent but

highly polarized nuclear spin state. Application of

suitable radio-frequency (rf ) pulses results in a

hyperpolarized NMR signal (29). However, if an

isotropic mixing sequence is applied during the

course of the reaction, not only is a coherent

singlet state preserved, but the lifetime of this

state is also increased (30). As we demonstrate

below, this effect allows one to create a relatively

long-lived, coherent packet of polarized product

molecules, which augments the versatility of this

technique beyond hydrogenation reactions.

To demonstrate the effectiveness of hetero-

geneously catalyzed PHIP in microreactors, we

use two model catalytic reactors (29) (Fig. 1). In

both cases, propylene and p-H2 gases are flowed

through the catalyst bed and react to form

propane. The first reactor (reactor 1) contains a

tightly packed bed of the silica gel–immobilized

Wilkinson’s catalyst located between two layers

of glass beads. This reactor is used to produce a

highly polarized product (propane) and illus-

trates the ability to resolve flow maps, active

regions in the catalyst bed, and controlled trans-

port of polarization out of the catalyst bed. The

second reactor (reactor 2) comprises powdered

Wilkinson’s catalyst loosely packed with some

small (~2-mm) air gaps. This second reactor

further demonstrates the control of a polarized

outstream and applications to a more heteroge-

neous packing.

The PHIP signal in these experiments is

larger than the corresponding thermal signal by

a factor of 300 (29). This enhancement is crucial

in light of the coil-sample arrangement. The ratio

of the rf coil volume occupied by the micro-

channel to the rf coil volume is less than 0.01: a

situation that is unfavorable in terms of detection

Fig. 1. Schematic of the microreactors. The two
model catalytic reactors consist of catalyst layers
sandwiched between layers of glass beads for
stability. Reactor 1 contains a thin layer of silica
gel–supported Wilkinson’s catalyst (orange). Reac-
tor 2 contains powdered Wilkinson’s catalyst (red)
arrayed in variously sized clumps to demonstrate a
more heterogeneous scenario.
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Fig. 2. Density of active catalyst and flow map
imaging. MRI images [field of view (FOV) (x to z):
2.3 mm by 7.0 mm; pixel size: 20 mm by 60 mm]
of a tightly packed catalyst bed (catalyst layer
thickness is ~5 mm) are shown. (A) Thermally
polarized propylene. The approximate position
of the imaging FOV is indicated by the dashed
red lines in the inset. (B) p-H2–polarized pro-
pane. The signal-to-noise ratio (SNR) of this
image is a factor of 300 larger than that of the
thermally polarized propylene image. (C) Flow
map in the xz plane with the use of polarized
propane. The orientation of the arrows repre-
sents direction of the velocity, and their length
represents its magnitude. The SNR of thermally
polarized propylene was insufficient to generate
a velocity map. The resolution of the flow map
is intentionally decreased by retaining only 1 of
every 16 arrows to avoid excessive overlap of
the arrows.

www.sciencemag.org SCIENCE VOL 319 25 JANUARY 2008 443

REPORTS

http://www.sciencemag.org


sensitivity. Furthermore, the presence of catalyst

powder occludes the space inside the microchan-

nel. This sensitivity loss, combined with the low

density of the gas, leads to a million-fold loss in

sensitivity relative to standard liquid-state NMR.

Our experimental results show that PHIP can, to

a large extent, circumvent the problem of low

sensitivities in gas-phase microreactors.

An image of the first reactor is shown in Fig.

2. The spatial distribution of reactant (propylene)

is barely resolved (Fig. 2A), whereas the polar-

ized product (propane) shows a strongly enhanced

signal (Fig. 2B). We also compare a spectrum

from the reactor (fig. S2A) and localized spectra

from upstream of (fig. S2B) and in (fig. S2C) the

catalyst bed. The use of a hyperpolarized sub-

stance was also necessary for producing the high-

resolution gas-phase flow map shown in Fig. 2C

(29). This example reveals heterogeneous flow

patterns in the catalyst bed, which are consistent

with a non-uniform packing of the catalyst (29),

that are not apparent in Fig. 2B. Flow imaging at

the same resolution and sensitivity would not be

possible with the exceedingly weak thermal

signals.

As illustrated in Fig. 3A, the residence time

inside the tightly packed region leads to nearly

complete magnetic relaxation, and no polarized

product is observed beyond the catalyst bed.

Although this outcome is ideal for imaging the

active regions of the catalyst bed, the polarized

spins cannot be used for subsequent reactions.

Isotropic mixing sequences have been shown to

prolong the lifetime of the nuclear spin-singlet

state (30). Thus, the use of an isotropic mixing

sequence (31) applied for a sufficiently long

duration Tm allows the polarized product to

escape the catalyst bed (the optimal Tm will

depend on the average flow velocity v). This

period is followed by a delay Td, allowing the

singlet state to travel a distance x = v × Td, during

which the singlet state evolves into a state

observable by NMR. By varying Td, we control

the distance traveled before the polarization is

released. Figure 3, B and C, demonstrates the

delivery of polarized product beyond the catalyst

bed for two values of Td.

Imaging of the second reactor (Fig. 4A)

further demonstrates the usefulness of controlling

the polarized outstream. In contrast with the

packing in reactor 1, the looser packing in reactor

2 results in a polarized product that can be seen

escaping the first catalyst layer and flowing to the

second layer in the absence of singlet state

preservation (Tm = 0 ms, Td = 0 ms). Although

this situation is desirable when the polarized

product is to be used in subsequent reactions, it is

problematic as a means for imaging the catalyst

layer because of poor contrast and blurring from

the uncontrolled flow of polarized product. This

drawback can be remedied by controlling the

singlet state as follows. For short values of Td
(1 ms), no polarized product can be seen between

the catalyst layers, because the singlet state has

not yet evolved into an observable state. At lon-

ger time intervals (Td = 100 ms), the polarized

product has traversed longer distances and

evolved into an observable polarized product. A

photograph of the reactor (Fig. 4B) provides a

comparison of the distribution of catalyst in the

reactor with the structural morphology observed

in the MRI images.

Regardless of the packing, singlet state preser-

vation provides a distinctivemethod for controlled

delivery of polarization. Combined with knowl-

edge of the local flow velocity, the timed release

of polarization can be performed in remote parts

of a microreactor. Thus, in multistep reactions,

the polarized product can be used as a spin label

to elucidate subsequent stages of a reaction (20).

These experiments can be extended bymeans

of a variety of polarization transfer and spin

manipulation methods to move the enhanced

signal to other NMR-active nuclei on the sub-

strate molecule or onto the catalyst itself (14, 20).

Transfer of polarization to heteronuclei yields a

larger range of chemical shifts as compared with

that of protons (14). The highly polarized spin

product also makes it possible to image flows

(32) and reactions (33) in precisely engineered

microchannels noninvasively, opening the way

for a variety of microfluidic applications.

There are still many challenges to address

before these results can be extended to a wider

range of hydrogenation reactions and conditions

of industrial catalytic processes. In particular, it

remains to be seen to what extent the polarization

lifetimes and the NMR linewidths of the reaction

products are affected by the presence of metal cat-

alyst surfaces, microscopic gradients of magnetic

susceptibility, high temperatures, paramagnetic

catalysts and impurities, liquid films, and other

complications that can be expected under condi-

tions encountered in practice. To this end, recent

results (34) that demonstrate PHIP in heteroge-

neous hydrogenations catalyzed by supported

metal catalysts (Pt/Al2O3 and Pd/Al2O3) are

encouraging.
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GaN Photonic-Crystal Surface-Emitting
Laser at Blue-Violet Wavelengths
Hideki Matsubara,1,2 Susumu Yoshimoto,1 Hirohisa Saito,1 Yue Jianglin,1,2

Yoshinori Tanaka,1,2 Susumu Noda1,2,3*

Shorter-wavelength surface-emitting laser sources are important for a variety of fields, including
photonics, information processing, and biology. We report on the creation of a current-driven blue-
violet photonic-crystal surface-emitting laser. We have developed a fabrication method, named “air
holes retained over growth,” in order to construct a two-dimensional gallium nitride (GaN)/air
photonic-crystal structure. The resulting periodic structure has a photonic-crystal band-edge effect
sufficient for the successful operation of a current-injection surface-emitting laser. This represents
an important step in the development of laser sources that could be focused to a size much less
than the wavelength and be integrated two-dimensionally at such short wavelengths.

T
he lasing principle of photonic-crystal

surface-emitting lasers (PC-SELs) (1–5)

is based on the band-edge effect in a two-

dimensional (2D) PC, where the group velocity

of light becomes zero and a 2D cavity mode is

formed. The output power is coupled to the

vertical direction by the PC itself, which gives

rise to the surface-emitting function. PC-SELs

have the following features: first, perfect, single

longitudinal and lateral mode oscillation can be

achieved even when the lasing area becomes

very large (for example, devices >300 mm in

diameter) (1, 3, 5); second, the polarization mode

(3) and the beam pattern (5) can be controlled by

appropriate design of the unit cell and/or lattice

phase in the 2D PC. However, the shortest lasing

wavelength achieved so far is 980 nm. A lasing

wavelength in the blue-to-ultraviolet region

would open the door to a much broader range

of applications such as super–high-resolution

laser sources, which can be focused to spot sizes

smaller than blue-violet wavelengths by the use

of doughnut beams (5, 6), and optical tweezers

for ultrafine manipulation.

One issue in the creation of a gallium nitride

(GaN)–based PC-SEL has beenwhether a 2D PC

structure could be constructed with a sufficient

band-edge effect. To do so requires the fabrica-

tion of a high-quality 2D GaN/air periodic struc-

1Department of Electronic Science and Engineering, Kyoto
University, Kyoto 615-8510, Japan. 2Japan Science and
Technology Agency, Kyoto 615-8510, Japan. 3Photonics
and Electronics Science and Engineering Center, Kyoto
University, Kyoto 615-8510, Japan.

*To whom correspondence should be addressed. E-mail:
snoda@kuee.kyoto-u.ac.jp

Fig. 1. (A) Schematic structure of the target GaN-based PC-SEL. MQW, multi–quantum
well. (B) SEM image of the triangular lattice of air holes with a period of 186 nm, a
diameter of 85 nm, and a depth of 100 nm, formed in an epitaxial GaN/AlGaN layer
above a GaN substrate. (C) Cross-sectional SEM image of the PC-SEL, showing a well-
defined GaN/air periodic structure inside the GaN epitaxial layer.
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ture with a lattice constant between 100 and 200

nm, close to an active layer with optical gain.

Figure 1A shows the schematic structure of the

target GaN-based PC-SEL. In order to obtain the

required band-edge effect, the PC structure must

be constructed within 300 nm of the active layer.

Previously, 2D semiconductor/air PC struc-

tures in PC-SELs have generally been constructed

using a wafer-fusion technique (1, 3, 5), in which

one of the important processes is to remove the

sacrificial substrate after the 2D semiconductor/

air periodic structure has been formed. Although

there are several reports on sacrificial etching

techniques in GaN systems (7, 8), the application

of these processes for the fabrication of PC-SELs

has not yet been established. We therefore de-

veloped a new method, “air holes retained over

growth” (AROG), for the construction of such a

periodic structure. Our method is based on the

particular characteristics of GaN growth; namely,

that growth proceeds much faster in the lateral

direction than it does vertically from the (0001)

crystal plane (9). Initially, a triangular lattice of

air holes (Fig. 1B) with a period of 186 nm, a

diameter of 85 nm, and a depth of 100 nm was

formed in an epitaxial GaN/aluminum gallium

nitride (AlGaN) layer situated above a GaN

substrate, and a silicon dioxide (SiO2) layer

was then deposited at the bottom of each air

hole. The GaN layer was then overgrown by

means of a low-pressure metal-organic vapor-

phase epitaxial method. Further fabrication

details are described in fig. S1 (10). Figure 1C

shows a cross-sectional scanning electron micro-

scope (SEM) image of our fabricated device. The

periodic arrangement of air holes was well

defined inside the GaN epitaxial layer. The

GaN overgrowth appeared to proceed laterally,

capping the top of the air holes, whereas the

SiO2 deposited at the bottom of the air holes

had a growth-blocking action (10). The struc-

tures of the air holes were essentially uniform

and had not been degraded by the overgrowth

process. Transmission electron microscopy con-

firmed that no dislocations were generated at the

overgrowth interface (fig. S2) (10). The establish-

ment of this AROG method allowed the forma-

tion of a 2D GaN/air PC structure near the active

layer in the GaN system.

To investigate whether our periodic structure

possessed the characteristics of a 2D PC, we

measured the photonic band structure of our de-

vice by observing the resonant coupling of light

from the active layer to the bands of the 2DGaN/air

periodic structure (11). For a given frequency,

resonant coupling occurs when the in-plane wave

vector of the light matches the wave vector of the

photonic bands. In spontaneous emission spectra,

this coupling can be observed as a sharp peak.

The in-plane wave vector k is related to the polar

angle q (shown in Fig. 1A) by the relation k =

(2p/l0)sinq, where l0 is the wavelength of the

light in free space. By varying the q defined with

respect to the direction normal to the plane, and

shifting the in-plane direction from G–X to G–J,

which are the two characteristic directions of the

2D triangular lattice (shown in Fig. 1B), the

photonic bands can be mapped out around the G

point (fig. S3) (10). Figure 2A shows the results

of the measurements, for which the injection

current to the device was set at 20 mA. Figure 2B

shows the band structure of the device, which

was calculated by the plane wave-expansion

method (12). The two figures seem to be in good

agreement, especially for the central mode

splitting (G point). As the in-plane k vector was

increased, four peaks (denoted by I, II, III, and IV,

respectively, in the inset of Fig. 2A) could be

distinguished for the normal direction (G point);

thus, four dispersion bands, including degenerate

(or closely placed) bands, were constructed.

These results indicate that the 2D GaN/air

periodic structure formed in the device has the

characteristics of a 2D PC. Moreover, based on

2D-coupled wave theory (13, 14) for a triangular-

Fig. 2. (A) Measured
2D photonic band struc-
ture of the GaN/air peri-
odic structure constructed
with the AROG method.
c/a , the unit of normal-
ized frequency, where c
is the velocity of light in
vacuum and a is the lat-
tice constant. The inset
shows the spectrum ob-
served at the G point,
where four peaks (I, II,
III, and IV) are resolved.
(B) Band structure calcu-
lated by the plane wave-
expansion method.

Fig. 3. (A) Current–light-output power characteristics of the device under the pulsed condition (a pulse
width of 500 ns and a repetition rate of 1 kHz) at room temperature (RT). (B) Emission spectra above and
below the current threshold. A.U., arbitrary units.
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lattice PC, the frequencies of the four peaks

shown in the inset of Fig. 2A can be used to

determine the 2D optical coupling coefficients

k1, k2, and k3, which quantify the in-plane

optical coupling effects for light waves propagat-

ing along the six equivalent G–X directions at

60°, 120°, and 180° to each other. Coefficients of

k1 ~ 830 cm
–1, k2 ~ 510 cm

–1, and k3 ~ 160 cm
–1,

respectively, were obtained (10). Because the 2D

band-edge effect is determined by the product of

the coupling coefficients and the light-propagation

length, we fixed the active PC area, where the

current was injected, to 100 × 100 mm2 in order to

obtain sufficient band-edge effects.

We then measured the current–light-output

power characteristics (10) of our device under the

pulsed condition (a pulse width of 500 ns and a

repetition rate of 1 kHz) at room temperature

(Fig. 3A). A clear threshold characteristic at 6.7

A (equivalent to a current density of 67 kA/cm2)

was apparent. Figure 3B shows the emission

spectra below and above the threshold. The

spectra were measured by coupling the output

light from the device to an optical fiber and then

transferring it to a monochromator (10). Below

the threshold current (6.5 A), the emission

spectrum was broad, and four peaks were

observed with a distribution similar to that shown

in the inset of Fig. 2A. In contrast, the spectrum

became sharp with a peak width of ~0.15 nm

above the threshold (6.9 and 7.4 A), which was

close to the resolution limit of the measurement

system. The peak wavelength was 406.5 nm (in

the blue-violet region). The emission peak above

the threshold was much stronger than that below

the threshold, which is due to substantial im-

provement in the optical coupling between the

output and the optical fiber (10). Finally, we

measured the far-field pattern (FFP) below and

above the threshold by placing a fluorescent sub-

stance at a distance of 10 cm above the device.

Because of the need to insert a digital camera to

record the FFP, it was not possible to align the

fluorescent substance completely parallel to the

device surface, which resulted in slightly asym-

metric FFPs (Fig. 4). The FFP was broad below

the threshold current (6.5 A) but was reduced to a

small spot above the threshold (6.9 and 7.4 A).

The beam divergence angle was as narrow as 1°,

which indicated that large-area coherent lasing

oscillation had been achieved, reflecting the char-

acteristics of the PC-SEL.

At present, the laser operates with a large

threshold current; however, the performance

could be substantially improved by the following

methods: (i) Improvement of the crystalline qual-

ity of the multiple–quantum-well active layer.

Currently, the growth condition of the active

layer on the 2D GaN/air PC formed by AROG

process has not yet been optimized. Modification

of growth conditions such as growth pressure and

III-V ratio would improve the quality of the

active layer. (ii) Optimization of the distance

between the active layer and the PC. Currently,

the distance is ~150 nm, and the degree of mode

overlap with the air holes is limited to ~3.5% (fig.

S1) (10). If this distance were reduced to, for

example, ~60 nm, the band-edge effect could be

increased, causing the threshold current to be

substantially reduced. (iii) Use of a transparent

electrode. Currently, the top electrode is not

transparent and thus blocks much of the surface

emission. If a transparent electrode (or ring-type

electrode) were used, the output power and/or

efficiency could be improved.
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Comparison of Comet 81P/Wild 2 Dust
with Interplanetary Dust from Comets
Hope A. Ishii,1*† John P. Bradley,1* Zu Rong Dai,1 Miaofang Chi,1,2 Anton T. Kearsley,3

Mark J. Burchell,4 Nigel D. Browning,1,2 Frank Molster5

The Stardust mission returned the first sample of a known outer solar system body, comet 81P/Wild
2, to Earth. The sample was expected to resemble chondritic porous interplanetary dust particles
because many, and possibly all, such particles are derived from comets. Here, we report that the
most abundant and most recognizable silicate materials in chondritic porous interplanetary dust
particles appear to be absent from the returned sample, indicating that indigenous outer nebula
material is probably rare in 81P/Wild 2. Instead, the sample resembles chondritic meteorites from
the asteroid belt, composed mostly of inner solar nebula materials. This surprising finding
emphasizes the petrogenetic continuum between comets and asteroids and elevates the
astrophysical importance of stratospheric chondritic porous interplanetary dust particles as a
precious source of the most cosmically primitive astromaterials.

T
he Stardust spacecraft collected thou-

sands of comet dust particles measuring

micrometers in size during its 6.1-km/s

flight through the dusty coma and jets of comet

81P/Wild 2 (1–4). The dust was captured in op-

tically clear, low-density, silica (SiO2) aerogel and

aluminum foils. Comet 81P/Wild 2 is believed to

originate in the Kuiper belt (1), a ring of icy

objects extending from the orbit of Neptune at

~19 astronomical units (AU) out to ~50 AU (5).

81P/Wild 2 orbited between 5.0 and 19 AU with

an ~40-year period until perturbed by Jupiter’s

gravity in 1974 (6). The modified orbit provided

a rare favorable opportunity for a low-relative-

Fig. 4. (A) FFP observed below the threshold
current (6.7 A) by setting a fluorescent substance
at a distance of 10 cm above the device. (B and C)
FFPs observed above the threshold (6.9 and 7.4 A,
respectively).
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velocity encounter. The comet experienced only

five near-solar passes before the Stardust en-

counter, so solar processing of its surface was

minimal, and 81P/Wild 2 has been widely antic-

ipated to be a reservoir of presolar material,

including stardust, cryogenically preserved since

the accretion of the planets.

The returned sample was expected to include

materials found in chondritic porous (CP) inter-

planetary dust particles (IDPs). Many IDPs enter-

ing Earth’s atmosphere are from comets, and CP

IDPs collected in the stratosphere by aircraft

exhibit properties consistent with cometary origin

(7–9). Some CP IDPs are demonstrably cosmical-

ly primitive: Relative to other extraterrestrial

materials, they are highly enriched in isotopically

anomalous organic and inorganic outer solar

nebula materials inherited, via the presolar molec-

ular cloud, from the interstellar medium and

circumstellar environments around other stars

(10, 11). Although IDPs have been collected for

~40 years, the Stardust sample is a potential

mother lode of presolar material from a known

parent body containing 105 to 106 times the mass

of an individual CP IDP and ~103 to 104 times the

total mass of all CP IDPs examined to date.

Analysis of comet 81P/Wild 2 dust has

revealed, in addition to silicates (olivines and

pyroxenes) with a range of Mg to Fe ratios (4),

refractory minerals formed in the inner nebula,

probably within a few astronomical units of the

early Sun. Minerals identified include melilite,

anorthite, corundum, osbornite and roedderite

associated as calcium-aluminum inclusions (CAIs),

and probable chondrule fragments (4, 12). Refrac-

tory minerals, CAIs, chondrules, and chondrule

fragments are normally absent from or exceedingly

rare in CP IDPs but are found in almost all

chondritic meteorites. Stardust has thus provided

solid evidence of large-scale radial mixing in the

solar nebula (1, 4), underscoring the importance

of sample return missions.

CP IDPs contain two silicate materials be-

lieved to be unique to this class of meteoritic

materials: amorphous silicates known as GEMS

(glass with embedded metal and sulfides) that

make up >50% by volume of most CP IDPs

(8, 13), and exotic whisker and platelet mor-

phologies of the crystalline silicate enstatite.

Enstatite whiskers and/or platelets are present in

all CP IDPs (14), constituting 1 to 5% by vol-

ume. A secondary electron image of a CP IDP

(Fig. 1A) shows typical porous morphology

(mostly GEMS) and an elongated enstatite crys-

tal (a whisker). The typical petrographic setting

of GEMS, enstatite whiskers, and platelets within

CP IDPs is shown in a transmission electron

micrograph from another CP IDP (Fig. 1B).
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Fig. 1. CP IDP components. (A) Secondary electron image of CP IDP U25A30B
mounted on a Nuclepore substrate. (B) Bright-field transmission electron
micrograph of enstatite whiskers, platelets, GEMS, and carbonaceous material

(C) in CP IDP U220A19. (C) Dark-field transmission electron micrograph of a
<100-nm-thick enstatite platelet [systematics (h00) orientation] exhibiting 18 Å
periodicity and numerous stacking defects in CP IDP CP16a.

Fig. 2. Enstatite whisker in comet 81P/Wild 2 sample. (A) Dark-field transmission electron micrograph of a clino-enstatite whisker in Stardust track
C2115,33,123,1,3 (Lucia). (B) Lattice-fringe image of the whisker showing 9 Å (010) lattice fringes. (C) [100] zone axis selected-area electron
diffraction pattern.
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Enstatite whiskers in CP IDPs are unique in that

they are always elongated along the [100] crys-

tallographic axis (14–16). In contrast, enstatite

crystals in terrestrial rocks and meteorites, when

not equiaxial, are elongated along [001]. Enstatite

platelets in CP IDPs (15) include both ortho- and

clino-enstatite and are extremely thin along the

[010] or [001] direction but not [100] (Fig. 1C).

These enstatite whiskers and platelets probably

condensed metastably above 1300 K from a low-

pressure nebular gas (14). If 81P/Wild 2 accreted

substantial quantities of outer nebula primitive

materials, then the Stardust sample should con-

tain both GEMS and enstatite in whisker and

platelet forms. Conversely, if 81P/Wild 2 con-

tains mostly inner nebula materials as do the

asteroid parent bodies of chondritic meteorites,

then primitive material is rare in this comet, and

from an astromaterials analysis standpoint, less-

modified, larger quantities of Stardust-captured

solids may be available in the existing meteorite

collections. To explore these possibilities, we

compared enstatite whiskers, GEMS, andGEMS-

like materials in CP IDPs, Stardust samples, and

laboratory samples using transmission electron

microscopy (9).

A transmission electron micrograph (Fig. 2A)

shows an elongated enstatite crystal in a Stardust

impact track. Its morphology (Figs. 1B and 2A)

and composition, almost pure MgSiO3 with <0.5

weight % (wt %) Fe, are similar to those of

enstatite whiskers in CP IDPs. Lattice-fringe

imaging (Fig. 2B) and corresponding electron

diffraction (Fig. 2C) establish that the crystal is

monoclinic clino-enstatite. However, unlike

whiskers in CP IDPs, this crystal is elongated

along its [001]* axis. This is the only whiskerlike

crystal we observed in the Stardust sample,

although other enstatite crystals without whisker

or platelet morphologies are present (4).

Typical GEMS in CP IDPs (Fig. 3A) are

spheroids ~0.1 to 0.5 mm in diameter, com-

posed of nanometer-sized inclusions of low-Ni

a-iron (kamacite) and low-Ni iron sulfide (2C

pyrrhotite) embedded in Mg-rich silicate glass

(8, 13, 17). Some, and possibly all, GEMS are

ancient (>4.6 billion years old) presolar inter-

stellar amorphous silicates, a fundamental build-

ing material of solar systems (8, 9, 13, 18).

GEMS-like material (Fig. 3B), abundant in

some Stardust tracks particularly those contain-

ing sulfide particles, was initially interpreted as

a promising link between 81P/Wild 2 and CP

IDPs (3, 4). Like GEMS, it contains nanometer-

sized inclusions of FeNi metal and sulfides em-

bedded in glass. Unlike GEMS, the glass is

Fig. 3. GEMS and GEMS-like objects. Bright-field transmission electron micrographs of (A) GEMS in CP IDP U220A19, (B) GEMS-like material in
Stardust track FC5,2,5,0,13 (Hopeful), and (C) GEMS-like material produced by a light gas gun–generated hypervelocity impact of a pyrrhotite grain
into aerogel at Stardust impact velocity.

Table 1. Bulk compositions of GEMS-like objects and GEMS. The mean, median, standard deviation,
minimum, and maximum values of bulk compositions in atomic percent are given below for GEMS-
like objects in Stardust tracks and GEMS in CP IDPs.

GEMS-like objects in Stardust (n = 46) GEMS in CP IDPs (n = 42)

Atomic % Mean Median SD. Min. Max. Mean Median SD. Min. Max.

O 66.41 67.28 4.47 52.41 72.68 62.71 63.22 4.43 49.29 75.30

Mg 2.05 1.28 1.83 0.00 7.41 9.37 9.95 4.42 1.20 16.21

Al 1.42 1.20 1.27 0.00 5.92 1.62 1.29 1.09 0.25 5.90

Si 24.44 25.05 4.24 13.71 30.74 14.40 14.17 2.36 9.96 19.10

S 1.13 0.59 2.34 0.00 13.49 3.69 2.72 2.73 0.64 12.97

Ca 1.47 0.23 2.54 0.00 10.87 0.82 0.81 0.70 0.00 3.53

Cr 0.00 0.00 0.00 0.00 0.00 0.12 0.12 0.10 0.00 0.43

Mn 0.00 0.00 0.03 0.00 0.17 0.02 0.00 0.06 0.00 0.28

Fe 2.79 1.51 3.02 0.24 12.19 6.39 6.60 2.39 1.96 11.10

Ni 0.12 0.00 0.26 0.00 1.44 0.40 0.39 0.23 0.00 1.00

Fig. 4. Bright-field electron micrographs of sulfide grains after hypervelocity impact into aerogel
at 6.1 km/s. (A) Stardust sample FC5,2,5,0,13 (Hopeful) shows sulfide rims on reduced metal cores.
(B) Pyrrhotite laboratory shot fired at Stardust capture velocity into aerogel also results in sulfide
rims on reduced metal cores.
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most often low-Mg silica (0 to 2 atomic % Mg),

metal inclusions include both low-Ni a-iron and

high-Ni g-iron (taenite), sulfide inclusions often

are partly reduced, and some sulfides contain

Cu (4, 19). Table 1 shows that bulk composi-

tions of GEMS-like material in Stardust tracks

differ substantially from GEMS in CP IDPs (9).

On average, the former has higher Si (by a

factor of nearly 2) and lower Mg and Fe relative

to the latter. A laboratory light gas gun shot (9)

of micrometer-sized pyrrhotite particles into

aerogel at 6 km/s resulted in abundant GEMS-

like material (Fig. 3C) in each impact track

above a remnant pyrrhotite particle. This mate-

rial consists of nanometer-sized inclusions of

metal and sulfides embedded in Mg-free silicate

glass (compressed and melted aerogel). Like the

Stardust GEMS-like material (Fig. 4A), many

sulfide inclusions in this material produced by a

laboratory-generated impact have reduced metal

cores (Fig. 4B). This distinctive association dem-

onstrates unequivocally that in Stardust tracks,

GEMS-like material was created during capture

by melting and intermixing of aerogel with crys-

talline minerals, including silicates and sulfides.

These results emphasize the need for laboratory

experiments (20, 21) to understand Stardust cap-

ture alteration of each component found in the

81P/Wild 2 sample.

Temperatures on impact were expected to

reach several hundred kelvin (22) but exceeded

2000 K locally (1). Both Stardust and experi-

mental tracks contain well-preserved sulfides

and melted sulfides (~1000 K), decomposed and

intermixed with melted aerogel, illustrating the

compromised state of the Stardust sample and

dramatic variation of thermal and shock condi-

tions within single tracks due to capture (4).

Given these conditions, we considered whether

the GEMS-like material in Stardust tracks is

cometary GEMS intermixed with aerogel. Sim-

ply diluting CP IDP GEMS with excess SiO2

would preserve the original nonvolatile-element

atomic ratios (excluding Si and O). Instead, Mg

normalized by Al (Table 1), for example, is four

times smaller in the GEMS-like material in Star-

dust. Even if there are cometary GEMS indige-

nous to 81P/Wild 2 in the Stardust sample, it may

ultimately be impossible to unambiguously dis-

tinguish them because of their unfortunate simi-

larity to impact-produced materials (Fig. 4).

Because of their distinctive morphologies and

ease of recognition, enstatite whiskers were the

first crystalline silicates identified and described

in detail in CP IDPs (15). Enstatite is a relatively

robust mineral that has survived in abundance

in Stardust tracks; however, no [100]*-elongated

enstatite whiskers or platelets have yet been

identified.

Additional CP IDP constituents under-

represented in Stardust samples are carbona-

ceous material and presolar grains. Refractory

carbonaceous material (Fig. 1B) is rare in Star-

dust tracks, with abundances more typical of

chondritic meteorites (23), whereas CP IDPs are

the most carbon-rich meteoritic materials known,

with 13wt%C on average and as much as ~50%

by volume (16, 24). Most refractory cometary

carbonaceous material should have survived,

given the survival of fully stoichiometric sulfides

and partial reduction of others (Fig. 4A) (4, 19).

Where organic material has been analyzed, D/H

ratios lie well below values determined for CP

IDPs (2). Grains of stardust identifiable by non-

solar isotopic compositions are also rare. Only

one presolar grain has been confirmed so far in

the Stardust sample, compared to ~8 to 10 in

single CP IDPs measured recently (2, 9, 11). The

low abundances of carbon and isotope anomalies,

the presence of a CAI and probable chondrule

fragments, and the lack of GEMS and enstatite

whiskers and platelets indicate that any petrologic

relationship between 81P/Wild 2 and the parent

bodies of CP IDPs is at best tentative.

The mineralogical and isotopic evidence to

date suggests that comet 81P/Wild 2more closely

resembles an inner solar system asteroid than an

outer solar system comet with primitive unaltered

dust. Ongoing studies will clarify the relationship

between 81P/Wild 2 and specific class(es) of as-

teroidal meteorites (25). Accumulating evidence

suggests that the Kuiper belt is populated in part

by objects that either accreted closer to the Sun

and subsequently migrated outward or accreted

in situ from transported inner solar nebula mate-

rials (26). The possibility of finding some re-

fractory component of inner solar system CAIs

and chondrules in a single comet nucleus was

acknowledged even before the Stardust mission

(27). The recent discovery of main-belt comets

with asteroidal orbits and comae (28) indicates no

clear demarcation in the early solar system be-

tween asteroid- and comet-forming regions. The

distinction between comets and asteroids is, in

many cases, simply a matter of aging (loss of

volatiles) and orbital parameters (29).

The nondetection to date in comet 81P/Wild 2

samples of the most abundant and most recog-

nizable silicate materials in cometary CP IDPs,

combined with low abundances of carbon and

presolar grains and the presence of characteristic

inner solar system refractory materials, reinforces

the scientific importance of stratospheric IDP

collection. All captured 81P/Wild 2 particles

were modified, many severely, during abrupt

deceleration into aerogel and aluminum foil

(1, 4). Stardust may also have collected a few

contemporary interstellar dust particles from the

Ulysses dust stream (1), but severe modification

is expected for these as yet unrecovered particles,

collected at about three times the 81P/Wild 2

capture speed. In contrast, the upper atmosphere

has proven an ideal medium for gentle deceler-

ation of small meteoritic particles traveling at

cosmic velocities because of the gradual density

gradient. CP IDPs are in continuous and in-

exhaustible supply, and many IDPs survive

atmospheric entry with minimal thermal and

shock alteration (8). At present, CP IDPs remain

the most cosmically primitive astromaterials least

altered by capture that are currently available for

laboratory study and a valuable resource for under-

standing the origins and evolution of planetary

systems.
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Elasticity of (Mg,Fe)O Through the
Spin Transition of Iron in the
Lower Mantle
J. C. Crowhurst,1* J. M. Brown,2 A. F. Goncharov,3 S. D. Jacobsen4

Changes in the electronic configuration of iron at high pressures toward a spin-paired state within host
minerals ferropericlase and silicate perovskite may directly influence the seismic velocity structure of
Earth’s lower mantle. We measured the complete elastic tensor of ferropericlase, (Mg1–x,Fex)O (x = 0.06),
through the spin transition of iron, whereupon the elastic moduli exhibited up to 25% softening over an
extended pressure range from 40 to 60 gigapascals. These results are fully consistent with a simple
thermodynamic description of the transition. Examination of previous compression data shows that the
magnitude of softening increases with iron content up to at least x = 0.20. Although the spin transition in
(Mg,Fe)O is too broad to produce an abrupt seismic discontinuity in the lower mantle, the transition will
produce a correlated negative anomaly for both compressional and shear velocities that extends
throughout most, if not all, of the lower mantle.

K
nowledge of the physical properties of

various transition-metal oxides is crucial

to interpreting the seismic structure of

Earth in terms of mineralogical and composition-

al variations. Iron is the most abundant transition

metal in Earth. In the lower mantle (which ex-

tends from the 660-km discontinuity to the core-

mantle boundary at a depth of 2900 km), it is

hosted by ferropericlase [(Mg,Fe)O] and silicate

perovskite [(Mg,Fe)SiO3]. Mineralogical models

of the lower mantle indicate that ferropericlase

constitutes 10 to 20% of this region by volume

(1–3), which partitions iron with silicate perovskite

in fractions depending on both temperature and

depth (4–9). Recently, the important question of

spin-pairing transitions of iron from high-spin

(HS) to low-spin (LS) states in ferropericlase

(7, 10–17), affecting the lower mantle’s density

and seismic wave velocities, has been recognized

(11, 12). Because knowledge of this deep and

inaccessible region is derived largely from seismic

data, it is essential to determine the influence of

the spin transition on elastic wave velocities at

lower-mantle pressures.

In ferropericlase, the spin transition occurs

without change from the NaCl crystal struc-

ture or distortion of its cubic symmetry (11).

Nevertheless, as we show, the spin-pairing tran-

sition interval is accompanied by softening of all

the single-crystal elastic moduli (c11, c12, and c44)

by up to 25% between 40 and 50 GPa. Con-

sequent recovery of the elastic moduli between

50 and 60 GPa brings velocities close to those

extrapolated from the low-pressure HS state. The

elastic behavior is continuous and consistent with

a macroscopic thermodynamic description of the

transition, which is inherently non–first order.

The observed anomalies in elastic properties of

this material with ~6% iron represent a minimum

effect, which would be enhanced in compositions

with more iron and in the range of expected

lower-mantle compositions of 10 to 15% iron.

Single crystals of (Mg0.94,Fe0.06)O were

loaded into the cavity of a diamond anvil cell

with an argon pressure-transmitting medium. Im-

pulsive stimulated scatteringwas used tomeasure

body and interfacial acoustic velocities over a

60° range in a (100)-type plane at increments of

10° (18).

At lower pressures, the data (circles in Fig. 1)

are in agreement with those calculated on the basis

of an extrapolation of a linear fit to the elastic

properties determined by Jackson et al. (19) to 20

GPa (solid lines). However, near 40 GPa, all ve-

locities begin to decrease relative to the extrapola-

tion and reach minima between 47 and 50 GPa.

Velocities then begin to increase again and ap-

proach those of the extrapolation above 60 GPa.

All three elastic constants (Fig. 2) inferred

from the acoustic wave velocities [supporting

online material (SOM) text] exhibit normal be-

havior below 40 GPa. In the pressure regime

between 40 and 60 GPa, all the cij show sub-

stantial softening and then consequent recovery

relative to the linear extrapolations after passing

through minima at about 48 GPa. The anisotropy

parameter A [i.e., the difference between the

shear moduli c′=(c11–c12)/2 and c44], which is

equal to zero for isotropic solids, is negative at

low pressure, passes through zero near 20 GPa,

and continues on a smooth positive trend at

higher pressure. Unlike the individual constants,

no anomalous dependence is apparent in the 40-

to 60-GPa regime (20).

The spin transition in ferropericlase is asso-

ciated with a decrease in volume (11) that is de-

pendent on iron concentration (x) [e.g., (15, 16, 21)].

A heuristic explanation, based on the geometry

of 3d electronic orbitals, rationalizes a coupling

of the spin transition with acoustic wave veloc-

ities. The five 3d electronic states for iron are

divided into two eg orbitals (spatially directed

toward the neighboring oxygen anions) and three

t2g orbitals (spatially oriented between the neigh-

boring oxygen anions). Occupation of the eg or-

bitals (giving rise to higher electron density along

the iron-oxygen bond) tends to expand the lattice.

An additional lattice distortion breaks cubic local

symmetry to lift the degeneracy of the eg states

(the Jahn-Teller effect). In HS ferropericlase, each
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Livermore National Laboratory (LLNL), Livermore, CA 94550,
USA. 2Earth and Space Sciences, University of Washington,
Seattle, WA 98195, USA. 3Geophysical Laboratory, Carnegie
Institution of Washington, Washington, DC 20015, USA.
4Department of Earth and Planetary Sciences, Northwestern
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Fig. 1. Acoustic wave velocities as a function of pressure for propagation in the (001) plane of single-
crystal (Mg0.94,Fe0.06)O in an argon pressure-transmitting medium. Circles indicate present data acquired
by impulsive stimulated scattering. Uncertainties are given by ± 2s, where s is the formal SE. Squares
indicate data obtained by Jackson et al. via Brillouin scattering (19). Lines are calculated velocities based
on linear extrapolations of the elastic moduli obtained by Jackson et al. (19). (Top) Body wave velocities.
Solid circles and open circles are data for propagation along [110] and [100], respectively. (Bottom)
Velocities of the wave that propagates at the interface between the sample and the pressure-transmitting
medium. The interfacial wave has no dependence on direction under these conditions.
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eg state is occupied by an unpaired electron, giving

rise to antiferromagnetic coupling, an expanded

lattice, and noncubic local symmetry. In the LS

state, all six 3d electrons are contained in the three

t2g orbitals. Transition to the LS state is accom-

panied by a decrease in volume and reduction or

altering of the lattice distortion. HS and LS states

coexist with a statistical distribution that is

dependent on pressure P and temperature T. The

LS state is not favored at low pressure as a result of

the exchange energy involved in pairing of elec-

trons in the otherwise lower-energy t2g orbitals. An

expression for the fraction of iron cations in the LS

state (n) can be derived through minimization of

the Gibbs energy with respect to n (15). It is

dependent on the enthalpy difference (DH = DE +

PDV, where DVand DE are the change in volume

and the change in internal energy associated with

the transition, respectively) between the two

states

n ¼
1

1þ mð2sþ 1Þe
DH

kTx

ð1Þ

where m and s are the electronic degeneracy and

iron spin quantum number, respectively, of the

HS state, and k is Boltzmann’s constant.

Increasing pressure drives the system into the

LS configuration as a result of the PDV energy

associated with the transition (16). However, at

finite temperature, a consequence of Eq. 1 is that

the transition is non–first order. Acoustic waves,

as agents of both dilatational and shear strains,

couple to the spin transition if it and the

consequent changes in size and geometry are

fast as compared with the acoustic period. In the

region of transition, a positive increment of stress

will drive the system toward the LS state. In turn,

this causes an increment of strain in excess of the

normal elastic behavior. A softening of the asso-

ciated elastic moduli thus occurs. The volume

and geometric changes discussed above are at

least qualitatively sufficient to account for soften-

ing of both the compressional and shear moduli.

Lin et al. (11) reported compression data to

135 GPa for ferropericlase with 17% iron in a

neon pressure-transmitting medium. These data

(Fig. 3) clearly show three regimes: HS behavior

below 40 GPa, LS behavior above 60 GPa, and a

transition regime between 40 and 60GPa. Fourth-

order finite-strain equations-of-state fits are plotted

in the figure as dashed lines. As predicted by ab

initio calculations (15, 16), HS and LS iron have

similar equations of state that are simply dis-

placed by a DVof transition. A curve (depicted as

the thick solid line in Fig. 3) fitting all compres-

sion datawas constructed on the basis of Eq. 1 and

linear volume mixing. The ab initio prediction is

depicted as the thin solid line. Because DV is

determined by the equations of state for the two

spin states, a linear dependence ofDE on pressure

was adjusted to fit the compression data. The

change in DH that was responsible for the HS-to-

LS transition is principally associated with the

increasingly negative contribution from PDV

(Fig. 4). DE changes only modestly over this pres-

sure regime.

In the dilute limit (noninteracting iron sites),

thermophysical properties should scale linearly

with iron concentration (15). We therefore scale

terms in Eq. 1 and Fig. 4 from the x = 17%

material investigated by Lin et al. (11) to our

sample with x = 6%. The agreement in the pres-

sure regime of transition and degree of modulus

softening suggests that the thermodynamic de-

scription is reasonable (Fig. 3). Using the same

approach, we have also compared our data to the

compression data obtained by Fei et al. (21) for

material with x = 20% (fig. S2) in an annealed

NaCl pressure-transmitting medium. Although

the latter data suggest a minimum in the bulk

modulus at a lower pressure of about 39 GPa, the

observation of the softening, its magnitude, and

the extent of pressure over which it occurs are

entirely consistent with our results.

Fig. 2. Measured pressure dependence of the elastic moduli cij and anisotropy factor A = (c11 – c12)/2 –
c44. Circles indicate the present data, and squares are data of Jackson et al. (19). Lines are linear fits to the
latter data. Error bars indicate two SEs obtained from fits to the measured velocities.

A B

Fig. 3. (A) Bulk modulus versus pressure. Circles indicate present data calculated on the basis of the cij
shown in Fig. 2. Squares are values calculated on the basis of the data of Jackson et al. (19). The solid line
is based on a thermodynamic description of the HS-to-LS transition with parameters scaled from those
that fit the compression data of Lin et al. (11). The dashed line is the average of separate equations of
state for the HS and LS phases [see (B)]. Error bars indicate two SEs obtained from fits to the measured
velocities. (B) Experimental data of Lin et al. (11) showing density of (Mg0.83,Fe0.17)O versus pressure.
The dashed lines represent equations-of-state (fourth-order Eulerian finite-strain) fits (22) to the HS
(low pressure) and LS phases. The thick solid line is a fit to the data based on Eq. 1. The thin solid line is
the first-principles theoretical prediction of Tsuchiya et al. (15).
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We have measured the elastic tensor of

(Mg0.94,Fe0.06)O through the pressure-induced

HS-to-LS transition. We find that there is an

extensive range of pressure over which all the cij
exhibit an anomalous but smooth softening. By

reinterpreting previously published compres-

sion data of materials with much higher iron

concentrations (more representative of the lower

mantle), we show that similar but even more

pronounced behavior is exhibited by at least the

bulk modulus. The current data show that, even

at room temperature, the HS-to-LS transition in

(Mg,Fe)O is not expected to result in a sudden

increase in seismic velocities at any depth. Al-

though this finding is inconsistent with the

conclusions of (11), it is qualitatively consistent

with the results of the more recent x-ray emission

experiment carried out at simultaneous high

pressure and temperature by Lin et al. (17),

who noted that the spin transition takes place

over an extended range of pressure and temper-

ature. On the basis of our room-temperature

results, this range extends from 1000 to 1500 km.

At elevated temperatures and on the basis of

Eq. 1, this range increases to include most or all

of the lower mantle and results in a decrease in

compressional and shear velocities of a few

percent.
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Enriched Pt-Re-Os Isotope Systematics
in Plume Lavas Explained by
Metasomatic Sulfides
Ambre Luguet,1*† D. Graham Pearson,1 Geoff M. Nowell,1 Scott T. Dreher,1
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To explain the elevated osmium isotope (186Os-187Os) signatures in oceanic basalts, the possibility
of material flux from the metallic core into the crust has been invoked. This hypothesis conflicts
with theoretical constraints on Earth’s thermal and dynamic history. To test the veracity and
uniqueness of elevated 186Os-187Os in tracing core-mantle exchange, we present highly siderophile
element analyses of pyroxenites, eclogites plus their sulfides, and new 186Os/188Os measurements
on pyroxenites and platinum-rich alloys. Modeling shows that involvement in the mantle source of
either bulk pyroxenite or, more likely, metasomatic sulfides derived from either pyroxenite or
peridotite melts can explain the 186Os-187Os signatures of oceanic basalts. This removes the
requirement for core-mantle exchange and provides an effective mechanism for generating Os
isotope diversity in basalt source regions.

T
he possibility of observing the chemical

signature of core-mantle interaction inmag-

mas erupted at Earth’s surface is one of the

most exciting prospects in mantle geochemistry.

The observation of 186Os/188Os-187Os/188Os ex-

cesses in some plume-related lavas has recently

been invoked as the strongest evidence of sub-

stantial mass exchange between the Earth’s core

and mantle (1–5). This hypothesis has consider-

able consequences for the evolution of the core,

specifically requiring inner core crystallization

early in Earth’s history. This constraint on the

inner core’s crystallization age is in direct con-

tradiction of recent models of terrestrial cooling

(6, 7) which predict ages of core crystallization as

young as 1.5 billion years (Gy) old, too late

then to generate the required 186Os enrichment.

Further objections to the core-mantle exchange

model have come from the absence of e182W

anomalies in the same plume-related lavas (8) and

from new high-pressure solid metal–liquid metal

highly siderophile element (HSE) partition coef-

ficients (9), which predict an outer core compo-

sition that is unable to generate elevated 186Os and
187Os, even over several billion years (Fig. 1).With

the continued finding of 186Os/188Os-187Os/188Os

Fig. 4. HS-to-LS transi-
tion enthalpy,DH=DE+
PDV, and component
terms, DE and PDV. The
thick solid line showing
the enthalpy was ob-
tained from the data of
Lin et al. (11) (see text).
It is a sum of the indi-
vidual components shown.
The line with squares is
the result of a first-
principles calculation by
Tsuchiya et al. (15).
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excesses in mantle-derived magmas, it is timely

to examine other potential explanations of this

signature to find a possible resolution of these

contradictions.

Recycling of crustal materials such as Fe-

Mn crusts, oceanic crust, or melting of a mixed

pyroxenite-peridodite source (10–12) have been

proposed instead of core-mantle interaction. These

alternative hypotheses focus on intramantle mix-

ing processes and have considerably different im-

plications for the thermal and dynamic evolution

of Earth. They each have weaknesses. Recycling

of Fe-Mn crusts and oceanic crust were ruled out

because of their variable 187Os signature, their

volumetrically low abundance, and their low Os

contents (1). The mixed pyroxenite-peridodite

source hypothesis is more attractive but has not

been properly tested with a representative, ex-

tensive Re-Pt-Os abundance and isotopic data-

base. Nonetheless, this hypothesis is in accord

with recent geochemical and petrological studies

that involve large contributions (10 to 100%) of

pyroxenite-derived melts in the source of mid-

ocean ridge basalts, ocean island basalts, and

komatiites (13, 14). Hence, more detailed docu-

mentation of pyroxenite HSE abundances and Os

isotope systematics is required, especially the

potential role of base-metal sulfides (BMS) in

generating highly variable 186Os-187Os isotope

systematics in prospective basalt source regions.

BMS control the HSE abundance budget of the

mantle [e.g., (15)]. These minerals are highly mo-

bile in the mantle, being capable of metasoma-

tizing mantle sources (15–17). They can then

introduce a wide variety of Os isotope composi-

tions and Pt/Os and Re/Os fractionations (15–17).

As such, BMSmay hold the key to understanding

mantle 186Os-187Os isotope systematics.

We report 186Os/188Os and 187Os/188Os com-

positions (calculated and measured) together with

HSE abundances for 11 pyroxenites from the

Beni Bousera orogenic massif (table S1) (18). In

addition, 20 BMS grains have also been mea-

sured from Beni Bousera pyroxenites plus eclo-

gite xenoliths from the Mir and Udachnaya

kimberlites. Beni Bousera pyroxenites are con-

sidered to be good analogs of pyroxenites present

within the asthenospheric mantle because they

appear to be derived from an oceanic crust

protolith (19). They have reaction margins with

the surrounding peridotites that are analogs for

the hybrid sources required by melts with a sub-

stantial pyroxenite influence (20). Eclogite xeno-

liths have also been shown to have a recycled

crustal origin (21) and have experienced long-

term residence in the lithospheric mantle (22).

Sulfides from these lithologies provide the host

for most of the Os signatures and together with

their low melting points provide an effective

means of transferring Os isotope signatures. Be-

cause of difficulties in obtaining sufficient Os for

precise analysis of 186Os/188Os ratios, especially

in single mantle-derived sulfides, we model most

of the 186Os/188Os compositions by assuming an

age for the pyroxenites of 1.2 Gy (18). This age is

indicated for some Beni Bousera pyroxenites by

a previous Lu-Hf and Re-Os study (19). Al-

though ancient, the 1.2-Gy age is somewhat

younger than the suggested mean age of recycled

oceanic crust residing in the convecting mantle

on the basis of Pb isotopes (23). As such, the

ranges of isotopic compositions that we report are

likely conservative minima (18).

Beni Bousera pyroxenites show pronounced

but very variable enrichment of Pt and Re over

Os (Fig. 1). Their calculated (C) 187Os/188OsC
ratios (18) are systematically radiogenic. Their
186Os/188OsC ratios vary over a wide range, from

close to chondritic to considerably radiogenic

(186Os/188OsC = 0.1198401 to 0.1198934). The

most radiogenic 186Os/188OsC ratios are substan-

tially higher than the most radiogenic plume-

related lava sample (Fig. 1). The measured (M)
187Os/188OsM and 186Os/188OsM ratios obtained

for GP137 and GP251, two samples where suf-

ficient whole-rock powder was available for anal-

ysis, confirm our calculations. In particular, GP

137 has a nonradiogenic 186Os/188OsM signature,

whereasGP 251 is radiogenic in 186Os, evenmore

so than are plume-related lavas (e186Os = +0.71,

compared to the most radiogenic Gorgona sam-

ples). The slight discrepancy observed between

the measured and calculated isotopic ratios likely

reflects the variable, inherited, radiogenic Os in

the pyroxenite at the time of their formation be-

cause the Beni Bousera pyroxenites have an

origin from recycled oceanic crust.

The isotopic diversity of the pyroxenites makes

them attractive as potential source components

for explaining lavas’ 186Os-187Os systematics.

Partial melts derived from a mantle source con-

taining both peridotites and pyroxenites similar

in HSE composition to those at Beni Bousera

could reproduce the radiogenic Os isotopic com-

position of plume-related lavas (Fig. 2). A simple

two-component bulk mixing model calculated

between a present-day mantle peridotite and the

two pyroxenites with the highest 186Os/188Os

(GP 251 and GP 87T) indicates that a basalt

containing 50 to 90% of pyroxenite-derived

melt would have combined 187Os/188Os and
186Os/188Os ratios similar to the radiogenic plume-

related lavas. More specifically, our calcula-

tions indicate that 60%, 70 to 75%, and 85%

of pyroxenite-derived melts could explain the
186Os-187Os systematics of Mauna Loa, Loihi,
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Fig. 1. Variations of Re/Os, Pt/Os, 187Os/188Os, and 186Os/188Os for models of the outer core compared
with measured and predicted values for whole-rock peridotites (15, 16, 29), eclogites (22), pyroxenites
(table S1) (19), sulfides from eclogites and pyroxenites (table S1), and residual sulfides from peridotites
(15–17). The gray field denotes Os isotopic composition of 186Os-enriched plume-related lavas (2–5). The
outer core model 1 is from (4) and assumes a 4.4- to 3.4-Gy-old inner core. The outer core model 2 was
calculated using bulk core composition of (4), Os, Ir, and Pt metal solid/metal liquid partition coefficients
experimentally obtained at 22-Gy (9) and a 1.5-GPa crystallization age of the inner core in agreement
with Earth heat budgets (6, 7). Outer core model calculations were performed assuming both linear and
instant growth models for the inner core crystallization.
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and Hualalai shield volcanoes, respectively, in

good agreement with the estimates made using
187Os-87Sr systematics (13). These large volumes

of pyroxenite-derived melts imply 4 to 16% of

recycled crust within the mantle source (14), in

excellent agreement with the proportion of

pyroxenitic material observed in subcontinental

lithospheric mantle and ophiolite massifs (5 to

10% volume) (19).

Although the above estimates of the propor-

tion of pyroxenite in the source of mantle-derived

magmas, made on the basis of Pt-Re-Os isotope

systematics, are consistent with the proportions

indicated from other constraints (13, 14), bulk

mixing models are probably not applicable to

mass balance arguments involving HSE. This is

because these elements are concentrated within

BMS which, during melting and mixing pro-

cesses, will not behave like silicate phases. Being

highly reactive and mobile trace components of

mantle rocks (15–17), BMS have the ability to

produce dramatic changes in HSE abundances

and isotopic ratios during metasomatic events

where very low mass fractions are exchanged,

principally the low-temperature melting compo-

nents such as BMS.

In mantle peridotites, HSE contents and
187Os/188Os ratios of the BMS vary largely at

the micrometric scale (15–17) (Fig. 1). That this

microscale heterogeneity extends to the pyroxe-

nitic/eclogitic parageneses is confirmed by the

wide range of HSE concentrations with Re/Os

and Pt/Os ratios, spanning 0.5 to 3 orders of

magnitude, within BMS from Beni Bousera

pyroxenites and Udachnaya and Mir eclogites

(table S1 and Fig. 1). However, in contrast to

peridotite sulfides, pyroxenite and eclogite BMS

systematically have radiogenic to very radiogenic
187OsC compositions (Fig. 1). Half the samples

show subchondritic to slightly suprachondritic
186Os/188OsC ratios (0.1198369 to 0.1198454)

(table S1), whereas the rest have very radiogenic

to extreme 186Os/188OsC ratios (0.1198557 to

0.1200785). The most radiogenic 186Os/188OsC

ratios are considerably higher than the whole-

rock pyroxenites or eclogites and well in excess

of any modeled outer core compositions (Fig. 1).
186Os/188Os ratios even more extreme than the

BMS values modeled here have been measured

in Pt-rich alloys from ophiolites (up to 0.1217)

(table S1) (11), confirming the potential of HSE

carriers to generate highly radiogenic signatures

within the shallow upper mantle.

During melting of a mixed pyroxenite-

peridotite source, the pyroxenitic component

melts first, with the resulting melts reacting with

the peridotite wall-rocks (20). It is this reacted

wall-rock that subsequently controls melt com-

position. During this process, sulfides, because

of their low solidi, will be among the first

components to be transferred into the surround-

ing metasomatized wall-rock. Melting of mantle

peridotite that has been metasomatically enriched

with HSE-rich, isotopically heterogeneous mi-

crophases such as BMSderived from pyroxenites

or eclogites could explain the entire spectrum of
187Os-186Os variation in plume-related lavas

(Fig. 2). For example, melting of a peridotitic

mantle containing 1.5% of BMS similar to the

two eclogite BMSM2015-3 andM2015-9, would

generate partial melt with an Os isotopic com-

position matching the most radiogenic Gorgona

komatiite samples. The amount of metasomatic

BMS required is as low as 0.035 to 0.12% if the

BMS are Os-rich, such as those observed in

some highly metasomatized peridotites from the

Kaapvaal craton (24) (e.g., FRB 98/6). Of course,

the proportion of metasomatic sulfides is highly

dependent on the assumptions made to model

their Os isotopic composition. For example, the

proportion of sulfides required for the mass

balance is multiplied by a factor of 2 to 3 if

sulfides are 500 million years (My) old but drop

by a factor of 2 if the sulfides are 2 Gy old.

Moreover, although the reacted peridotite com-

position is likely to be affected by the addition of

metasomatic sulfides, especially regarding S and

Pt contents (18), the oceanic basalts are unlikely

to inherit those anomalous signatures because of

the limited solubility of these two elements with-

in silicate melts (25, 26).

HSE alloys are a possible alternative to

BMS being the key agent for dominating the
187Os-186Os source characteristics of magma

source regions. HSE alloys can have extremely

radiogenic 186Os/188Os and 187Os/188Os and high

HSE contents (Fig. 2 and table S1) (11). Al-

though these alloys mostly form in the oceanic

mantle lithosphere (11, 27), their very radiogenic

values, such as those found here, can be ex-

plained by in-growth during crustal residence.

Nonetheless, if such grains found their way back

into mantle source regions through recycling of

lithosphere, they are likely to dominate mantle

HSE budgets and isotope systematics. Although

the potential of transferring their Os isotopic sig-

natures to partial melts is unclear because of their

refractory and chemically inert nature, HSE alloy

recycling in the mantle could represent another

potential mechanism to diversify the Os isotopic

composition of upper-mantle–derived melts wor-

thy of further research.

We conclude that the coupled 186Os-187Os

enrichment observed in plume-related lavas can

have an upper-mantle origin related to source

regions having experienced BMS metasomatism

by pyroxenite and/or peridotite-derived partial

melts. Addition of metasomatic sulfides to mantle

peridotite is a common process in the lithospheric

mantle. It has been shown to operate also in the

oceanic mantle, explaining both the 187Os/188Os

systematics of abyssal peridotites (17) and the

Pd enrichment of the oceanic mantle (15, 16).

Sulfidemetasomatism, and its resulting effects on

S abundances, has been documented in veined

pyroxenite-peridotite sequences (28), and the mea-

surements and modeling presented here illustrate

the effectiveness of the process in dominating the
186Os-187Os systematics of mantle rocks. Hence,

the observation of coupled 186Os-187Os excesses in

mantle-derived magmas cannot be taken to be a

unique signature of core-mantle interaction.

Fig. 2. (A) 186Os-187Os systemat-
ics of Beni Bousera pyroxenites
(squares, predicted), sulfides from
pyroxenite and eclogite sulfides
(circles, predicted), Kaapvaal peri-
dotites (triangles, predicted) (24),
and HSE alloys from the Josephine
ophiolite (dark gray field and
crosses, measured). The medium
gray field denotes plume-related
lavas (2–5); obliquely lined field,
osmiridiums (11); and vertically
lined field, osmiridiums and chro-
mitites (2, 30). The dotted line
represents the mixing line between
pyroxenites GP87T and GP251 and
a present-daymantle peridotite, and
the dashed lines represent themixing
line between the eclogite sulfides (M2015-3 andM2015-9) and a present-daymantle peridotite. Mass of sulfides inmixture denoted in%. (B) is amagnification of (A)
to better show the match between 186Os-enriched plume-related lavas and the metasomatic sulfides to peridotite mixing trend. The x axis in (A) is in logarithmic units.
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Irreconcilable Differences: Fine-Root
Life Spans and Soil Carbon Persistence
Allan E. Strand,1 Seth G. Pritchard,1* M. Luke McCormack,2 Micheal A. Davis,3 Ram Oren4

The residence time of fine-root carbon in soil is one of the least understood aspects of the global
carbon cycle, and fine-root dynamics are one of the least understood aspects of plant function.
Most recent studies of these belowground dynamics have used one of two methodological
strategies. In one approach, based on analysis of carbon isotopes, the persistence of carbon is
inferred; in the other, based on direct observations of roots with cameras, the longevity of
individual roots is measured. We show that the contribution of fine roots to the global carbon cycle
has been overstated because observations of root lifetimes systematically overestimate the turnover
of fine-root biomass. On the other hand, isotopic techniques systematically underestimate the
turnover of individual roots. These differences, by virtue of the separate processes or pools
measured, are irreconcilable.

F
ine roots (those with diameters <2.0 mm)

serve at least two roles of global impor-

tance: They act as conduits transporting

carbon (C) into belowground C pools, and they

acquire soil resources. Consequently, predictive

models of plant function, forest nutrition, and

global C cycling depend on accurate quantifica-

tion of fine-root longevity and turnover rate.

Considerable effort has been expended to

quantify the potential for fine roots to absorb C

from the growing pool of atmospheric CO2 and

to sequester it in mineral soil. Globally, soil C

pools are particularly important because they

contain approximately 3.3 times more C than

the atmospheric pool and 4.0 times more C than

the aboveground terrestrial biomass pool (1–4).

Much of the C present in soil is probably de-

rived from fine roots (5).

Understanding fine-root dynamics is also

critical for understanding how plants acquire

water and nutrients from soil. Because most

uptake occurs in roots <1 mm in diameter, fine-

root pool size may limit forest productivity by

limiting plant absorptive capacity. Fine roots are

also the primary site of infection by mycorrhizal

fungi, which influence a wide range of eco-

system properties, including productivity, bio-

diversity, and soil structure.

There is currently an ongoing debate on the

efficacy of methods that measure C residence

time in fine roots using 13C-depleted atmo-

spheric enrichment (6) versus methods that

observe roots directly by means of microvideo

cameras (minirhizotrons) (6–8). This debate has

been fueled by the observation that isotope-

based estimates of C residence times in fine

roots are much longer (>4 years) than estimates

of root longevity determined by repeated ob-

servation with minirhizotrons (<1 year) (9, 10).

Several sources of discrepancy between these

approaches have been identified: (i) differences

in the pool of roots sampled with isotope versus

minirhizotron methods (8, 11), (ii) the con-

founding effects of carbohydrate storage on

depletion rates of C isotopes (12), (iii) the ap-

propriateness of underlying survival functions

assumed by isotope methods (10, 13), (iv) over-

estimation of turnover rate because of using

median longevity as a surrogate for mean lon-

gevity in minirhizotron studies (11), and (v) slow

return to equilibrium root dynamics after the

installation of minirhizotron access tubes (14).

Although technical issues inherent to isotopic

and minirhizotron methods have led to disparate

conclusions about fine-root dynamics, arguments

regarding the validity of these methods skirt the

issue that multiple belowground processes require

characterization and, although related, may best

be measured with different approaches. In this

study, we set out to reconcile measures of fine-

root C pool dynamics derived with isotopic

methods and fine-root dynamics obtained from

minirhizotrons. First, we assess the relative mag-

nitudes of several sources of measurement error

associated with isotope and minirhizotron ap-

proaches; second, we attempt to quantify the

differences between C residence and individual

root-dynamic–focused studies. We used survival

analysis to examine the root dynamics in the

CO2-enriched plots at the Duke University free-

air CO2 enrichment (FACE) facility (15). The

longevity of 2181 individual roots, with diameters

<2 mm, was recorded over 8 years from repeated

video images; 64% of these roots were followed

until senescence and death. The remainder were

alive at the end of the experiment andwere treated

as right-censored in survival analyses. We then

compared our results to estimates of root turnover

derived using isotopic techniques from the same

forest plots, published by Matamala et al. (6).

Previously published isotopic estimates of

turnover for this forest (6) have been criticized on
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the basis of speculation that they were derived

using an inappropriate survival model (7). It was

suggested that a more appropriate model would

lower longevity estimates (10). We used direct

measurement of individual root life spans to iden-

tify the most appropriate model and then applied

this model to previously published isotopic data

for these plots (6). For root survival, comparison

among several models indicated that a log-normal

survival model fit best with a Bayesian informa-

tion criterion (BIC) score of 3248.12 as compared

to BIC scores for Weibull and exponential dis-

tributions of 3463.17 and 3463.18, respectively.

Although the log-normal model fit root survival

best, reanalyzing published isotopic data using this

model instead of the exponential model used

previously failed to increase the earlier estimate of

turnover rate. The model invoked to estimate turn-

over of fine roots, in this case, did not explain the

difference in turnover rates obtained with isotope

and minirhizotron techniques.

Projections of the longevity of roots, or the C

they contain, assume that belowground processes

are in equilibrium. Insertion of minirhizotron tubes

is a necessary disturbance. It has been unclear to

date how rapidly disturbed soil will return to equi-

librium conditions or if this even occurs during the

course of a given minirhizotron study. We took both

a meta-analysis and a single-study approach to es-

timate this rate. Data from seven minirhizotron

studies that were at least 2 years in duration were

used to estimate root turnover (per year) from yearly

production and the average yearly standing crop,

using a flux approach (15, 16). We then took the

reciprocal of fine-root turnover to estimate mean

longevity for each year of each study. Although

heterogeneity among studies was observed for ab-

solute longevity, longevity estimates increased sig-

nificantly with increases in study duration (Fig. 1).

For instance, fine-root longevity increased from an

average of 0.7 year in minirhizotron studies con-

ducted over 1 year as compared to 1.0 year for

studies conducted over 3 years, an increase of over

40%. We also examined this process for individual

root survival at the Duke FACE site by directly

measuring root life spans and estimating the mean

longevity of roots initiated in each of the years of

the study. We observed that roots initiated in early

years exhibited lower mean life span and a return

to equilibrium by year three (Fig. 2). Based on this

return to equilibrium, we separated the individual

roots into those initiated during the first 3 years (pre-

equilibrium) and those initiated in the last 5 years

(post-equilibrium). The longevity of fine roots

established during the pre-equilibrium period was

50% shorter as compared to the longevity of roots

that developed during the post-equilibrium period

(Fig. 1 andTable 1). This result indicates that short-

duration experiments, characteristic of most mini-

rhizotron studies, may have contributed to inflated

estimates of fine-root turnover rates.

Another important distinction between the

isotopic and minirhizotron approaches involves

units of measurement. Whereas isotopic meth-

ods are based on mean residence time of fine-

root C in units of biomass, most minirhizotron

experiments report turnover of individual roots

themselves. Because smaller-diameter, more nu-

merous roots turn over more quickly than larger-

diameter, less numerous roots, treating all roots

equally could contribute to inflated C turnover

rate estimates when using minirhizotrons. More-

over, studies conductedwithminirhizotrons often

use median root longevity values as a surrogate for

mean longevity. This assumption also contributes to

underestimations of root longevity, because root

survival functions are positively skewed (Table 1)

(6, 7). To alleviate these sources of error, we applied

parametric survival regression, based on units of

root volume as a surrogate for root biomass, to

estimate mean longevity for roots initiated in the

last 5 years of the study. These survival curveswere

compared to those of individual roots and the
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Fig. 1. Estimates of fine-root longevity from root turnovermeasurements as a function of the number of years
since the initiation of theminirhizotron study. Turnover values were derived from annual production divided by
average annual standing crop (14). Analysis of covariance supports the hypothesis that longevity estimates
increase over time (P < 0.001) and that there is little support for the hypothesis that this slope differs among
studies (P=0.97). This analysis explains 81%of the variation in longevity estimates. The solid line represents a
best linear fit to these data overall ( y = 0.51 + 0.17x). Numbers in parentheses are reference numbers.

Fig. 2. Estimates of the
mean longevity of individu-
al fine roots appearing at
different times during the
Duke FACE study. Mean
estimates are derived from
parametric regression of
fine-root survival times,
which also indicated signif-
icant variation among sur-
vival curves stratified by
year of initiation (P <
0.0001, log-normal dis-
tribution of survival times).
The solid line represents a
loess fit to mean longevity
for visualization.

2.
0

Year root initiated

M
ea

n 
lo

ng
ev

ity
 e

st
im

at
e

1998 2000 2002 2004

1.
0

1.
2

1.
4

1.
8

1.
6

www.sciencemag.org SCIENCE VOL 319 25 JANUARY 2008 457

REPORTS

http://www.sciencemag.org


residence time of C in the same plots (Fig. 3). We

found that estimates based on the longevity of

individual roots lead to a 50% exaggeration of

fine-root biomass turnover rate.

It has been suggested that the finest roots are

not adequately sampled by destructive soil coring

because of the difficulty of extracting them from

the cores (17). Missing the smallest (≤0.3 mm) and
most ephemeral roots could bias isotopic measures

of longevity upward (11). We tested the potential

for this sampling bias to contribute to the under-

estimation of fine-root turnover using the isotopic

approach. Our results suggested that poor sampling

of these shorter-lived smaller roots may significant-

ly affect isotope-based C longevity estimates, be-

cause such sampling in our data increased the

longevity of biomass in the soil (fig. S2) (15).

In this study, we have eliminated several biases

proposed to explain the divergence in fine-root lon-

gevity common to isotope- versus minirhizotron-

based methods. Because we controlled for time,

place, and several technical assumptions of both

isotope and minirhizotron analyses, the remaining

differences result from several factors that we can-

not control. The isotopic technique fails to account

for heterogeneity in fine-root life span: The lon-

gevity of fine roots increases considerably with in-

creasing soil depth and diameter and with branching

order, and may be influenced by herbivory (18, 19).

Interpretations of isotopic results could also be

confounded if some proportion of new fine roots is

constructed using C recycled from senescing tissues

or storage pools (12). For example, some time may

pass from the time when C is acquired through

photosynthesis and the time when new roots are

constructed from that C in spring. Furthermore, re-

cycling of old C to support growth of newer roots

could also cause individual C atoms to persist in the

fine-root pool much longer than the individual roots

themselves. Finally, the difficulty of obtaining the

smallest roots from soil cores in isotopic analyses will

bias isotope-based estimates of longevity upward.

Characterizing the persistence of C and the

longevity of roots is not redundant; each is es-

sential for understanding ecosystem function.

Quantifying belowground C pools is also critical

for parameterizing global C cycle models. Our

results indicate that applying the median longev-

ity of individual roots in short-term minirhizotron

studies underestimated residence time of fine-root

biomass by over 300% as compared to mean

longevity of fine-root volume (biomass) derived

from a long-term experiment. This suggests that

previous estimates that fine-root turnover represents

33% of annual global net primary production (9)

are probably unrealistically high. However, under-

standing soil C pools is of limited use in under-

standing ecosystem function in other ways. C pools

may provide a gross reflection of root biomass, but

because these pools are somewhat insensitive to

the dynamics of the smallest roots, they provide

little information on water and nutrient uptake po-

tential, the demography of plant modules, or rela-

tive investments in absorption versus transport.

Unfortunately, the behavior of the soil C pool

and the dynamics of the fine-root pool have often

been conflated in the literature (table S1) (15). Mis-

applying the results of an isotope-based estimate of

C persistence will underestimate root turnover rate

by 60% and, more importantly, underestimate the

rate at which the finest roots—the location of inter-

action between plants and soil—are produced. Con-

versely, misapplication of minirhizotron results,

particularly those derived from short-term experi-

ments, will dramatically overestimate the rate at

which fine-root turnover transfers C into the soil.

These methods are both fundamentally irrecon-

cilable yet complementary.
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Fig. 3. Survival curves
derived from individual
roots fromminirhizotron
images, compared to
isotopic estimates of
C persistence. Points re-
fer to estimates of per-
cent of C remaining for
roots <1 mm in diame-
ter (squares), or between
1 and 2 mm in diameter
(triangles), or between
2 and 5 mm in diameter
(circles) [from Matamala
et al. (6)]. Black curves
represent Kaplan-Meier
estimates of survival
functions, whereas blue
lines represent the best
fit of a log-normal sur-
vival function to each
empirical curve. Each corresponds to the survival of roots ≤2 mm in diameter. (A) Survival of individual
roots estimated from roots initiated in the first 3 years of the study. (B) Survival of individual roots
estimated from the last 5 years of the study. (C) Survival of individual units of root volume (biomass)
estimated from the last 5 years of the study. (D) Best exponential fit to the percent of C remaining (6).
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Table 1. Estimates of mean life span for individual roots and root biomass from parametric survival
regression of root life spans compared to C residence time from a 13C study. CI, confidence interval.

Survival type Time period

Mean life span in

years (95% CI)

Median life span in

years (95% CI)

Individual roots Pre-equilibrium 1.51 (1.45, 1.59) 0.79 (0.75, 0.86)

Individual roots Post-equilibrium 2.21 (2.08, 2.36) 1.23 (1.12, 1.41)

Biomass (volume) Pre-equilibrium 2.61 (2.42, 2.81) 0.93 (0.92, 1.04)

Biomass (volume) Post-equilibrium 3.24 (3.01, 3.49) 1.64 (1.55, 2.04)

Isotope-based - 5.3 (4.8, 5.8) -
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Adaptive Plasticity in Female Mate
Choice Dampens Sexual Selection on
Male Ornaments in the Lark Bunting
Alexis S. Chaine1,2* and Bruce E. Lyon1

Theory on the evolution of ornamental male traits by sexual selection assumes consistency in
selection over time. Temporal variation in female choice could dampen sexual selection, but scant
information exists on the degree to which individual female preferences are flexible. Here we show
that in lark buntings sexual selection on male traits varied dramatically across years and, in some
cases, exhibited reversals in the direction of selection for a single trait. We show that these shifts are
probably because of flexibility in mate choice by individual females and that they parallel shifts in the
male traits that predict female reproductive success in a given year. Plasticity in choice and
concomitant reversals in mating patterns across time may weaken the strength of sexual selection
and could maintain genetic variation underlying multiple sexual ornaments.

S
exual selection for exaggerated secondary

sexual traits arises from two different mech-

anisms that result in correlations between

male traits and mating success—male-male com-

petition for access to females and female mate

choice (1, 2). These mechanisms can be difficult

to disentangle (3), but direct female choice for

extravagant male traits has been shown in many

taxa (2). Ornament evolution via female choice

requires that females prefer an extreme expres-

sion of a male trait, that trait preferences are

concordant among females in a population, and

that these preferences are fairly consistent across

time (4, 5). Changes in the ecological or social

environment could favor flexibility in female pref-

erences (6, 7), but information about the temporal

consistency of female choice is currently lacking

(6, 8). Plasticity in female preferences could have

major effects on the strength and outcome of

sexual selection (9) and, potentially, could slow

trait exaggeration (10).

We investigated the dynamics of pairing

patterns and mate choice in the lark bunting,

Calamospiza melanocorys, a migratory songbird

breeding on the short-grass prairie of Colorado.

Sexual selection is potentially strong in lark bun-

tings, because many males fail to attract a social

mate [~45% of territorial males (11)] because of

a male-biased breeding sex ratio coupled with

social monogamy and because extra-pair paternity

is common [25% of young and 47% of broods

(11)], but variable among males. To assess the dy-

namics of sexual selection, we studied five inde-

pendent male plumage traits and threemeasures of

size (Fig. 1)—body color, proportion of black

versus brown feathers separately on the rump and

the rest of the body, wing patch size, wing patch

color, body size, beak size, and residual mass (12).

To examine sexual selection on these male traits,

we assessed both the social pairing success of

color-banded males in each breeding season, as

well as their total annual fitness, using micro-

satellite parentage analysis (12).

In territorial birds, it can be difficult to distin-

guish between direct female choice for male traits

and female choice for territory features correlated

with male traits (i.e. male dominance badges). Male

lark buntings, however, are only weakly territorial

until mate acquisition, at which time the territory is

no longer defended nor respected by other males

[newmales begin displaying on the former territory

(11)]. Display territories are not used for feeding by

either males or females (including offspring feed-

ing), but females nest near or on the display territory,

so we quantified territory quality as the density of

woody shrubs available for use as nest cover (12).

In each of the 5 years of this study, plumage

or size characteristics of males were associated

with total male fitness [number of within- and

extra-pair fledglings sired (12) (Fig. 2)], which

indicated significant potential for sexual selection

on those male traits. However, a significant effect

of year on the traits that correlate with male fit-

ness indicated that the specific traits under sexual

selection varied among years [according to a

generalized linear model (GLM): full model

F3,380 = 5.19, P = 0.001; effect of year: F4,379 =

7.52, P < 0.001 (12)]. Examination of these pat-

terns revealed dramatic changes across years in

the suites of traits that predicted male fitness, and

moreover, no two years showed similar patterns

of male traits associated with fitness (Fig. 2).

We observed two distinct types of change in

the pattern of selection on male traits across years.

First, some male traits were under strong selection

in some years, but showed very weak selection or

no selection in other years [beak size and rank

body color (Fig. 2)]. Cubic splines illustrate the

specific form and intensity of phenotypic selection

on male traits each year (12, 13) and demonstrate

the occurrence of this on-off pattern of selection
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Fig. 1. Plumage traits of lark buntings. (A) Females are brown with dull white wing patches, whereas (B)
males are generally black, but often have patches of brown feathers that vary in size and distribution (note
patch above wing). The conspicuous white wing patches vary in both size and color among males and are
both larger and brighter than those of females. There is considerable variation in color between (C) black
males and (D) gray ones. Likewise, the proportion of dark versus brown feathers varies among males on
both the body [(C) versus (D)] and rump (C) relative to other body parts.
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for several traits [colored lines (Fig. 3)]. Similar

effects have been shown in other species (14, 15).

Second, three traits—body size and the percent-

age of black feathers on both the rump and the

rest of the body—showed a positive association

with male fitness in 1 year and a negative associa-

tion in another year. These reversals from positive

to negative selection gradients were significant

(GLM: year × body size F4,379 = 3.56, P = 0.007;

year× rump%F4,379 =3.25,P=0.012; year× body%

F4,379 = 3.08,P= 0.016) and indicate that dramatic

shifts in selection occur across years [(Fig. 2) and

colored lines in (Fig. 3)]. The reversals in selection

on male traits we document here provide a sexual

selection parallel to oscillating natural selection

described for Darwin’s finches (16).

To understand the underlying cause of varia-

ble selection onmale traits, we investigated a key

component of male fitness: acquisition of a social

mate. The general pattern of selection on male

traits through mate acquisition (Fig. 4) was simi-

lar to overall selection on male traits (Fig. 2)—

there was a significant association between male

traits and mate acquisition, but the traits of suc-

cessful males varied across years [GLM: full model

F3,380 = 10.22, P < 0.001; effect of year: F4,377 =

4.13, P = 0.002; (12)]. Some traits were under se-

lection because of mate acquisition in some years

but not others (percentage black feathers on the

body, beak size, and residual mass). Two traits—

wing patch size and rank body color—showed

changes in the direction of selection across years

(GLM: year × wing patch size F4,415 = 3.24, P =

0.012; year × rank color F4,415 = 3.29, P = 0.011).

A randomization test (12) indicated a close cor-

respondence between the traits under selection

because of total fitness and those under selection

because of mate acquisition [Fig. 2 versus 4, P <

0.001, (12)]. The striking similarity in patterns of

selection on male traits through total male fitness

and through mate acquisition occurs because the

majority of offspring are siredwithin the social pair

[75% (11)] and suggests that across-year variation

in social mating success is a major driver of var-

iable selection on male traits.

Several observations suggest that temporal

fluctuations in social mating patterns are more

likely to be because of changes in female choice

for male traits than changes in traits that influence

competition among males for high-quality terri-

tories that females might choose. First, territory

quality (12) was never associated with mate ac-

quisition [i.e., was not selected by Akaike’s Infor-

mation Criterion (AIC) models for all years

combined or for any individual year; partial P >

0.2 in all cases] and was therefore removed from

all selection models. Second, we determined

whether traits previously found to be important

to male-male competition (11) differed across

years in their importance as dominance signals.

We did this using both observational and exper-

imental methods, but in no case did the male traits

associated with social dominance change across

years in a manner that could explain the dynamic

patterns of mate acquisition we describe here

(12). Furthermore, the level of male aggression in

response to a standardized stimulus did not differ

across years, which suggested that the intensity

of male-male competition did not vary across

years (12).

Two lines of evidence indicated that population-

level changes in female mate choice across years

were because of plasticity in individual female

preferences across years rather than age-related

or other demographic shifts (12). Females that

were observed in 2 or more years and that did not

stay with the same social mate (12) were used to

estimate the degree of individual consistency

[repeatability, rt (17)] in mate choice (19 females

whosemates were also caught: 17 in 2, 1 in 3, and

1 in 4 years). Mate choice (traits of her chosen

mates) was not significantly repeatable across

time (repeatability: all traits df = 2.2,19, rt < 0.18;

P > 0.2), which suggests substantial plasticity

of female choice. Indeed, most females showed

considerable change in the traits of their mates

across years (fig. S1). Changes in themate choice

decisions of individual females will only sum

to population-level dynamic sexual selection if

most females show similar patterns of plasticity

and response, a pattern that implicates the in-

fluence of external factors such as the social or

ecological environment (18, 19).

We investigated the possibility that plasticity

in choice is adaptive because it allows a female

to choose a male or territory character that will

maximize her fitness in each year. This hypoth-

esis predicts that females target male or territory

characters that predict fitness benefits to them in

a given year, that different traits serve as fitness

indicators in different years, and that changes in

female preference across years correspond non-

randomly with the changes in fitness-indicator

traits. In most years, one or more male traits were

correlatedwith nesting success (ameasure of female

fitness, fig. S2) making them potential indicator

traits, and different traits were predictors of nesting

success in different years (fig. S2). Randomization

tests determined that there were significantly more

matches than expected by chance between the traits

of males chosen by females and the male traits

associatedwith nesting success within years [four of

seven male traits correlated with nesting success

were also preferred by females,n=76 total trait-year

possibilities, P = 0.005; see (12)]. This result

suggests that flexible female choice enables females

to track temporal variation in the traits that predict

enhanced nesting success. However, it remains

unknown whether the specific traits we measured

or correlates of those traits are the actual targets of

female choice (20).

Sexual selection by female choice requires

that the cumulative effects of female preferences

be fairly consistent over time (1, 2), and models

of sexual selection with consistent choice pre-

dict extreme exaggeration of male traits (4, 5).

However, if female choice varies across years,

phenotypic selection for male trait exaggeration

could be dramatically reduced or even eliminated,

as has been suggested for temporal variation in

natural selection (21, 22). We investigated the
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Fig. 2. Male traits associated with total male fitness (number of sired within and extra-pair chicks
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impact of temporal scale on phenotypic selec-

tion by comparing analyses from individual

years to an analysis of data combined across years

[e.g. (Fig. 2)]. Formost traits, phenotypic selection of

all years combined was weak and only two traits—

beak size and rank body color—were under sig-

nificant selection as determined by overall male

fitness patterns (Fig. 2). A similar pattern can be

seen in selection on male traits through female

choice of a social mate (Fig. 4). The striking effect

that temporal scale has on the intensity and pattern

of sexual selection can be seen by comparing

selection splines on individual male traits from

each year separately with those from all years

pooled [colored versus black lines (Fig. 3 and

fig. S3)]. By examining years separately, a very

different picture of selection on male traits and

female mate choice emerges from the standard

approach obtained by summing across years. In

lark buntings, selection on male traits is often

strong within years, dynamic across years, but

weak or nonexistent over a 5-year period.

Which time scale is the most appropriate for

understanding sexual selection? We suggest that

a longer time frame is most appropriate for pre-

dicting male trait evolution because annual male

fitness measures used to estimate short-term

sexual selection are unreliable when selection

fluctuates across years. Short-term studies may

thus prove insufficient for correctly understand-

ing the strength and direction of sexual selection

in species with variable sexual selection and

flexible mate choice. In contrast, a short time

frame is essential for understanding selection

on female mating preferences. Only by exam-

ining female choice patterns within years was it

possible to discover flexibility in choice and

show the adaptive benefits of flexible choice to

females.

Plasticity in female preferences has several

implications for the process of sexual selection,

the evolutionary dynamics of exaggerated traits,

and the evolution of female choice itself. As a

parallel to natural selection under variable en-

vironmental conditions, flexible female choice

and dynamic sexual selection could make assess-

ment of selection and predictions for male trait

evolution unreliable (22) and may also provide a

mechanism for the preservation of genetic varia-

tion in traits (23). In addition, most models of

sexual selection assume that the evolution of ex-

aggerated traits is stabilized by the costs that ex-

aggerated traits incur (5, 24). In taxa with flexible

female preferences, however, choice itself may

result in stabilizing selection on exaggerated traits.

Finally, flexible female choice may provide an

explanation for the evolution and maintenance of

multiple male ornaments. Flexible choice should

allow a female either to choose a mate that best

complements her needs in a given year, where

such needs change, or to track the best signals
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when signal content changes over years because

of changes in the physical or social environment.

When females vary their preferences across

years, the expression of more than one quality

by a male would give him a mating advantage

across breeding seasons by providing broad ap-

peal under unpredictable breeding conditions.

Under this scenario, selection should favor the

evolution of new indicator traits that prove useful

to females in some years and maintain existing

multiple signals despite countervailing costs.

Variation in female preferences may provide ex-

planations for what is currently considered noise

[e.g., unexplained variance, (8); low repeatabil-

ity, (25, 26)] in female choice. Testing for and in-

corporating temporal flexibility in female choice

has the potential to greatly alter our perspectives

on the process of sexual selection and trait

exaggeration.
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Control of Genic DNA Methylation by a
jmjC Domain–Containing Protein in
Arabidopsis thaliana
Hidetoshi Saze,* Akiko Shiraishi, Asuka Miura, Tetsuji Kakutani

Differential cytosine methylation of repeats and genes is important for coordination of genome
stability and proper gene expression. Through genetic screen of mutants showing ectopic cytosine
methylation in a genic region, we identified a jmjC-domain gene, IBM1 (increase in bonsai

methylation 1), in Arabidopsis thaliana. In addition to the ectopic cytosine methylation, the ibm1

mutations induced a variety of developmental phenotypes, which depend on methylation of histone
H3 at lysine 9. Paradoxically, the developmental phenotypes of the ibm1 were enhanced by the
mutation in the chromatin-remodeling gene DDM1 (decrease in DNA methylation 1), which is
necessary for keeping methylation and silencing of repeated heterochromatin loci. Our results
demonstrate the importance of chromatin remodeling and histone modifications in the differential
epigenetic control of repeats and genes.

G
enomes of vertebrates and plants contain

a substantial proportion of transposons

and repeats (1). These potentially delete-

rious sequences are cytosine-methylated and in-

activated (2, 3) to form heterochromatin (4, 5).

Methylated heterochromatin, especially when

dispersed within gene-rich regions, has the po-

tential to spread by self-reinforcing mechanisms

(6, 7) to flanking cellular genes and disrupt

their expression. Mechanisms that confine the

methylated regions remain enigmatic, despite

their importance in maintaining the integrity

of large genomes with a high proportion of

dispersed transposons. Here, we identify a new

pathway that excludes cytosine methylation from

genic regions by histone modification and

chromatin remodeling, thus ensuring proper plant

development.

In the flowering plant Arabidopsis thaliana,

and in plants in general, cytosine methylation is

found in both CG and non-CG contexts. In

Arabidopsis, methylation at CG sites is main-

tained by the DNA methyltransferase MET1,

whereas methylation at non-CG sites requires the

DNA methyltransferase CMT3 (8–12). Non-CG

methylation is also controlled by methylation of

histone H3 at lysine 9 (H3mK9) and by the RNA

interference (RNAi) machinery (13–16). DDM1,

a chromatin-remodeling adenosine triphosphatase,

is involved in maintenance of both CG and non-

CG methylation (17–19). Mutations inMET1 and

DDM1 also result in a variety of developmental

abnormalities by inducing heritable changes in

other loci (8–10, 20, 21). One of the ddm1-induced

abnormalities, called bonsai (bns), is caused by

epigenetic silencing of a gene encoding a homo-

log of a cell cycle regulator, APC13 (22). The si-

lencing of this gene, BONSAI (BNS), is associated

with spreading ofmethylated heterochromatin from

a flanking LINE retroelement (22). This LINE

functions as methylated heterochromatin, which

has a potential to spread to the flankingBNS gene

(Fig. 1A).

To explore the mechanisms that exclude

genic cytosine methylation in wild-type plants,

we used methylation-sensitive restriction en-

zymes to screen a mutagenized population for

individuals with ibm (increase in BONSAI meth-

ylation) phenotype (23). One of them, ibm1, is

described in this report. The IBM1gene (At3g07610)

was identified by a map-based approach (23). The

original ibm1-1 mutant has a base substitution

causing an amino acid substitution (Gly672 →

Glu). We subsequently tested three additional

ibm1 alleles carrying T-DNA insertions and

verified that these independent alleles also

caused DNA hypermethylation of the BNS gene

(Fig. 1B).

The BNS sequence was hypermethylated in

the first generation in which the ibm1 mutant al-

lele became homozygous (Fig. 1B). This feature

was different from the BNS hypermethylation in

the ddm1 mutant, which is slow and detectable

only after several generations of self-pollination

in themutant background (22). Bisulfite sequenc-

ing revealed that cytosine methylation occurred

at the BNS gene in ibm1 and that non-CG sites

are the main targets of the BNS methylation

(Fig. 1C and table S1). Unlike ddm1, the ibm1

mutation did not affect methylation in repeat
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sequences, such as centromeric satellites or 5S

rDNA (fig. S1). These features suggest that low-

copy sequences are the primary target of the

IBM1 gene function.

In addition to cytosine hypermethylation at

the low-copy BNS locus, ibm1 plants exhibited a

variety of developmental abnormalities (Fig. 2

and table S2). The morphological phenotypes

become apparent in the F3 generation. Most of

the ibm1 plants formed small, narrow leaves and

exhibited arrested flower development and re-

duced fertility (Fig. 2, A to C, and table S2).

Homozygous ibm1 plants produced few viable

seeds, whereas seed set in heterozygous IBM1/

ibm1 was normal (Fig. 2D and table S3), in-

dicating that the seed phenotype depends on the

parental sporophytic genotype rather than the

genotype of seed or gametophyte. Silencing of

the BNS gene alone cannot account for the

pleiotropic phenotypes exhibited by the ibm1

mutation; knockdown of BNS transcripts by

RNAi results in the bonsai phenotypes but not

the other phenotypes found in the ibm1 mutants,

such as leaf deformation, abnormal flower, and

reduced fertility (22). Multiple target loci seem to

mediate the developmental defects of the ibm1

mutations, suggesting a general role of IBM1 in

the control of genome integrity.

Several considerations suggest that IBM1

might affect DNA methylation through H3mK9.

The IBM1 gene encodes a jmjC (Jumonji C)

domain–containing protein in the JHDM2 family,

which is constituted of demethylases of H3mK9

(Fig. 1D and fig. S2) (24, 25). The Jumonji domain

of IBM1 shows conservation of amino acid res-

idues for Fe(II) and a-ketoglutarate (aKG) bind-

ing that are critical for H3K9 demethylase activity

(fig. S2B) (25). In addition, H3mK9 is known to

direct cytosine methylation by CMT3 at non-CG
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Fig. 1. Identification of ibm1 (increase in BONSAI methylation 1). (A)
Structure of the BONSAI (BNS) locus. Exons of the BNS gene are shown
by boxes with the coding region in black and the untranslated regions
in white. The gray box shows the LINE. (B) Methylation of the BNS gene
in the ibm1 mutant detected by methylation-sensitive restriction
digestion. Four alleles of the ibm1 mutants are shown, together with
wild-type Columbia (Col) and the bns epigenetic mutation (22).
Genomic DNA was digested by Bgl II or Sau3A I and was subsequently
amplified by the polymerase chain reaction (PCR). (C) Bisulfite analysis
of the BNS locus in the ibm1 mutants. The percentage of methylated
cytosine is indicated by vertical bars (black, CG; blue, CNG; red, asymmetric cytosine). (D) A schematic representation of structure of IBM1 gene and IBM1
protein. T-DNA insertions are shown by white triangles and the ibm1-1 base substitution by an asterisk.
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sites (13, 14). We therefore hypothesized that

the hypermethylation of the non-CG sites at the

BONSAI locus in the ibm1 mutants is mediated

by ectopic H3mK9 accumulation. In fact, chro-

matin immunoprecipitation experiments revealed

that the H3mK9 level in the BONSAI locus

increased in the ibm1 mutant, especially in the 3′

region near the LINE (Fig. 3A), which correlates

with cytosine methylation at non-CG sites there

(Fig. 1C).

To test whether the increase in the H3mK9

level is responsible for the ectopic DNA meth-

ylation and developmental defects, we examined

the effect of a mutation in the H3K9 methylase

gene KYP/SUVH4 on the ibm1 mutant. Figure

3B shows that the kyp/suvh4mutation suppressed

the hypermethylation phenotype of the ibm1

mutation, suggesting that H3mK9 mediates the

hypermethylation. The hypermethylation was also

suppressed by amutation in the non-CGmethylase

CMT3 gene (fig. S3A). In addition to suppression

of the hypermethylation, both the kyp/suvh4 and

cmt3 mutations suppressed all of the detectable

developmental phenotypes of ibm1, such as leaf

deformation, abnormal flowers, pollen defects, and

reduced fertility (Fig. 3, C to E, and tables S2 and

S3), demonstrating that these diverse developmen-

tal defects are also mediated by ectopic deposition

of H3mK9 and non-CG methylation.

The ddm1 mutation results in cytosine hypo-

methylation and derepression of transposons and

repeats. Paradoxically, the ddm1 mutation also

induces hypermethylation at some low-copy loci,

such as BNS and SUPERMAN (22, 26). To see

whether the hypermethylation effect of the ddm1

mutation overlaps with that of ibm1, we gener-

ated double mutants of ddm1 and ibm1. The

ddm1 ibm1 double mutants showed strong en-

hancement of the developmental phenotypes

(Fig. 4), with small leaves, slow growth, and

complete sterility. These results suggest that the

effects of the ddm1mutation overlap with that of

the ibm1 mutation. Although ddm1 single mu-

tants exhibited BNS hypermethylation and other

developmental phenotypes only after repeated

self-pollinations (20–22), the effect of the ddm1

mutation in the ibm1 mutant background was

apparent in the first generation (Fig. 4), which

suggests that the role of the DDM1 gene in low-

copy regions may be more important than

previously thought. Although the ddm1mutation

resulted in loss of H3mK9 in repeated sequences,

overall level of H3mK9was not severely affected

(27). In the ddm1 single mutant, its effect on the

H3mK9 in genic regions may be compensated by

the IBM1 gene function.

We have shown that the IBM1 and DDM1

proteins, by repressing ectopic non-CG methyl-

ation in genic regions, are required for normal

Arabidopsis development. Neither the kyp nor the

cmt3 single mutant shows developmental pheno-

types (11–14), possibly because the primary target

of H3K9 methylation and non-CG methylation

is nongenic sequences in wild-type plants (28).

In the ibm1 mutant background, however, the

H3mK9 and non-CG methylation machinery has

pronounced effects on Arabidopsis development.

Non-CG methylation and CG methylation are

both important for silencing the repeats and trans-

posons (28, 29). At the same time, cellular genes

need to be protected from the spreading of methyl-

ated heterochromatin. Coordination of the cytosine

methylation in repeats and genes, through histone

modifications and chromatin remodeling, will likely

have an important impact on the genome integrity.
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Pollen grains of WT Col (E) and
ibm1-1 (F). Arrowheads indicate
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H) Plants showing bonsai (bns)–
like phenotype found in ibm1-4 (G)
and ibm1-1 (H). All the ibm1 mu-
tant plants were homozygous for two generations (F3) except those shown in (G), which were homozygous
for three generations. Scale bars, 1 cm (A), 2 mm (C).
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Fig. 3. ibm1 phenotypes
depend on H3K9 methyl-
ation. (A) Histone modi-
fication of wild-type Col
(WT) and the ibm1-4mu-
tant detected by chroma-
tin immunoprecipitation
(IP). INPUT is the sample
before IP; No AB denotes
samples after IP procedure
without antibody. H3mK4
and H3mK9 are samples
after IP with monoclonal
antibodies against H3with
dimethylation at the cor-
responding lysine. Ampli-
fied regions around the
BONSAI locus are indi-
cated in Fig. 1A. A flanking
gene at1g73180, LINE
downstream of BNS, and
Ta3 and CACTA1 transpos-
ons in other loci are used
for controls. Serial dilution
of the INPUTbefore thePCR
showed that the amount
of the chromatinusedhere
was almost identical in the
wild type and the ibm1
mutant (not shown). Three
independent preparations
of thesamples fromdifferent
individuals gave essentially
thesameresults. (B) The kyp
mutation suppressed the
BNS hypermethylation phenotype of the ibm1 mutant. Lanes 3 to 14 show plants
homozygous for the indicated genotype segregating in self-pollinated progeny of an
IBM1/ibm1-4 KYP/kyp double heterozygote. (C) Abnormal leaf phenotypes in 3-

week-old plants. More plants are shown in fig. S3B. (D) Reduced fertility pheno-
type. (E) Pollen defect phenotype. Plants shown in (C) to (E) are F3 generation, as
in fig. S3B. Phenotype scoring of all the families is shown in tables S2 and S3.
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Fig. 4. Developmental phenotypes of the ibm1
mutation are enhanced by the ddm1 mutation. This
panel shows F2 homozygotes segregating in self-
pollinated progeny of an IBM1/ibm1-4 DDM1/ddm1-
1 double heterozygote. This double heterozygote was
derived from a cross between IBM1/ibm1-4 and DDM1/
ddm1-1 backcrossed repeatedly to remove any
heritable effect of the mutations (20). Six-week-old
plants are shown. Developmental abnormalities in
the ibm1 single mutants were still mild in the
segregating population. Within 189 plants in the F2
segregating population, all 12 ddm1/ddm1 ibm1/
ibm1 plants exhibited the phenotype as shown in this
figure; such a severe phenotype was not found in any
of the other 177 plants, which includes 31 ddm1/
ddm1 IBM1/– plants and 31 DDM1/– ibm1/ibm1
plants. Scale bar, 1 cm.
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Concurrent Fast and Slow Cycling
of a Transcriptional Activator at
an Endogenous Promoter
Tatiana S. Karpova,1 Min J. Kim,1 Corentin Spriet,2 Kip Nalley,1 Timothy J. Stasevich,1

Zoulika Kherrouche,3 Laurent Heliot,2 James G. McNally1*

For gene regulation, some transcriptional activators bind periodically to promoters with either a fast
(~1 minute) or a slow (~15 to 90 minutes) cycle. It is uncertain whether the fast cycle occurs on
natural promoters, and the function of either cycle in transcription remains unclear. We report that
fast and slow cycling can occur simultaneously on an endogenous yeast promoter and that slow
cycling in this system reflects an oscillation in the fraction of accessible promoters rather than the
recruitment and release of stably bound transcriptional activators. This observation, combined with
single-cell measurements of messenger RNA (mRNA) production, argues that fast cycling initiates
transcription and that slow cycling regulates the quantity of mRNA produced. These findings counter
the prevailing view that slow cycling initiates transcription.

T
ranscriptional activators bind to the pro-

moters of specific genes, leading to recruit-

ment of RNA polymerase and mRNA

synthesis. During this process, some transcriptional

activators bind transiently, cycling on and off the

promoter within seconds. These observations of fast

cycling have directly challenged the conventional

view of a stable transcriptional complex. However,

fast cycling has only been detected on artificial gene

arrays composed of hundreds to thousands of

tandemly repeated, synthetically engineered genes

(1–4). Studies using endogenous genes have not

detected fast cycling, instead observing stable

binding of a transcriptional activator to its pro-

moter (5, 6). Thus, it is uncertain whether fast

cycling occurs on endogenous promoters.

We investigated fast cycling with use of the

endogenous yeast CUP1 gene, which exists

naturally as a small tandem array of ~10 copies

(7). The transcriptional activator Ace1p binds to

theCUP1 promoter in the presence of copper and

induces transcription (8). Fusion of three copies

of the green fluorescent protein (GFP) to the

carboxy terminus of Ace1p yielded a fully func-

tional, copper-sensitive activator (fig. S1C). This

Ace1-GFP (Fig. 1A) enabled visualization of the

CUP1 array in live cells: Upon copper induction,

two bright spots appeared in diploid nuclei (Fig.

1B) and one bright spot in haploid nuclei, where-

as no comparable spots were seen with a CUP1

deletion (fig. S1A). The spots colocalized with a

chromosomal marker inserted 7 kb downstream

of CUP1 (fig. S1B), confirming that the Ace1-

GFP spots marked the CUP1 locus.

By using a laser focused on the CUP1 locus,

we permanently photobleached Ace1-GFP mol-

ecules and then measured the rate of fluorescence

recovery after photobleaching (FRAP). Slower

fluorescence recoveries reflect longer residence

times of the bleached molecules, indicative of

more stable binding. For Ace1p at CUP1, com-

plete fluorescence recovery occurred within 2

min after the photobleach (Fig. 2A). This indi-

cates a more stable and specific binding of Ace1p

at CUP1 than has been observed for Ace1p at

nonspecific sites in the yeast nucleus, where com-

plete FRAP recoveries required only about 1 s

(9). The ~2-min recovery at CUP1 is similar to

but somewhat slower than that observed by

FRAP for fast cycling of other transcriptional

activators at synthetic promoters (0.3 to 1 min)

(1–4) but is substantially faster than the slow

cycling times of 15 to 90min detected by chromatin

immunoprecipitation (ChIP) at other endoge-

nous promoters (10–14). These results demon-

strate that fast cycling can occur at an endogenous

promoter.

It is not known whether slow cycling is a

slower version of fast cycling (15) or whether fast

and slow cycling are distinct events that can

coexist (16). The functions of fast and slow cy-

cling are also uncertain; however, it has been

argued that fast cycling reflects transient inter-

actions of the activator with the promoter that do

not lead tomRNA synthesis, whereas slow cycling

reflects stable interactions of the activator with the

promoter that do lead to mRNA synthesis (16, 17).

With use of ChIP, we found evidence for a

slow increase followed by a slow decrease in

Ace1-GFP occupancy at the CUP1 promoter

(Fig. 2B). This behavior corresponded to the first

of three ~ 40-min slow cycles of Ace1-GFP bind-

ing to CUP1 as detected by time-lapse micros-

copy of either single live cells (fig. S2B) or

populations of fixed cells (Fig. 2C). This slow

cycle was uncoupled from the cell cycle because

cells at different cell-cycle stages exhibited syn-

1Center for Cancer Research Core Imaging Facility, Lab-
oratory of Receptor Biology and Gene Expression, National
Cancer Institute, National Institutes of Health, 41 Library
Drive, Bethesda, MD 20892, USA. 2Interdisciplinary Research
Institute, Lille University of Science and Technology, CNRS
USR 3078, 59021 Lille Cedex, France. 3Institut Pasteur de
Lille, UMR 8161, Institut de Biologie de Lille, 1 rue Calmette,
59021 Lille Cedex, France.

*To whom correspondence should be addressed. E-mail:
mcnallyj@exchange.nih.gov

Fig. 1. Visualization
of Ace1p binding to
CUP1 promoters. (A)
Schematic of the engi-
neered strain. Chr indi-
cates chromosome; DBD,
DNA binding domain
of Ace1p; and TAD,
transcriptional activa-
tion domain of Ace1p.
(B) Live cell images
illustrating appearance
of the array after cop-
per induction. Scale
bar indicates 2 mm.
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chronous Ace1p oscillations at CUP1 (fig. S3).

Furthermore, the slow cycle was not produced by

oscillations in the concentration of Ace1p because

Ace1p amounts in the nucleus remained fairly

constant over the 40-min cycle (fig. S4). Oscilla-

tion in Ace1p binding to the CUP1 promoter was

paralleled by an oscillation in mRNA synthesis

(Fig. 2D), suggesting that the oscillation in ac-

tivator binding was functionally coupled to tran-

scription. Together these observations demonstrate

that fast and slow cycling of a transcriptional ac-

tivator can coexist at the same promoters.

The general interpretation of slow cycling has

been that it arises from transcriptional activators

that remain bound to the promoter for most of the

slow cycle (10–14, 16, 17) (Fig. 3A). If so, then

these more stably bound molecules should not be

released during the 2-min FRAP measurement,

and consequently fluorescence will not recover

completely to its original value (Fig. 3C). The

Ace1p FRAP at CUP1 recovers to 100%with an

SEMof 4% (Fig. 2A). Thus, at most 4% of the 40

Ace1p binding sites at the 10 CUP1 promoters

(i.e., 1 to 2 molecules) can be stably bound.

Fig. 2. Fast and slow cycles both occur at CUP1. All
error bars indicate SEM. (A) Averaged FRAP curves
from the CUP1 array at 5 to 15 min after copper
induction reveal a fast cycle of transcriptional
activator occupancy. See fig. S5 for an example of
image data. The FRAP curve recovers to 100 ± 4%
(average ± SEM of the last five time points). Note
that because FRAP curves are collected around the
peak of the slow cycle, the recovery curve plateaus
instead of being modulated by the superimposed
slow cycle. N, number of individual FRAP curves.
(B) ChIP on the CUP1 array reveals a slow cycle of
transcriptional activator occupancy. Shown is the
quantification of four time-lapse ChIP experiments
that were averaged by normalizing each time lapse
such that its peak % input was 100%. See fig. S2A
for an example of the ChIP raw data. (C) At least
three slow cycles of Ace1p binding to the CUP1
promoters were detected by counting the number
of visible CUP1 arrays in cells fixed at different time
points after copper induction (see fig. S2C for repre-
sentative images). (D) RT-PCR shows that transcrip-
tional output from CUP1 mirrors the slow cycle
oscillation in Ace1p binding. Each measurement has
been normalized by the expression level of the ACT1
gene, which does not change in response to copper.

Fig. 3. Two models for slow cycling. In stable
binding, the slow cycle arises from activators (ovals)
that remain at the promoter (flat line) for an ex-
tended period (A). FRAP performed on an array of
promoters (C) yields a curve that plateaus below its
starting intensity (red dotted line) because stably
boundmolecules are not replaced during the 2-min
experiment. The deficit in the final recovery level
[the immobile fraction, bracket in (C)] equals the
fraction of stably bound activators at the array,
which must be small to match the experimental
FRAP data (Fig. 2A). This small fraction is also
reflected in the predicted small number of cells that
produce transcript from a single, marked promoter
[blue cell in (E)] and in the predicted small change
in array intensity over 25 min [bracket in (G)]. In
accessibility, the slow cycle arises from promoters
that become accessible (B) to transiently bound
activators (ovals with arrows). There are no stably
bound activators, so the FRAP curve recovers to its
starting intensity (D), consistent with the experi-
mental FRAP data (Fig. 2A). Both the predicted num-
ber of cells that produce transcript from a single,
marked promoter [blue cells in (F)] and the pre-
dicted change in array intensity over time [bracket
in (H)] are determined by the number of promoters
that become accessible, which must be large to
match the experimental data (Fig. 4, A and B).
Model predictions were validated by Monte Carlo
simulations [examples in (I) and (J); see figs. S7
and S8 for details].
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If stably bound, slow-cycling molecules ini-

tiate transcription (16, 17), then only 1 to 2 of the

10 CUP1 genes should produce transcripts (Fig.

3E), with chance determining in each cell which

of the 10 array genes happen to be transcribed.

This predicts that a specific gene in the array

should produce transcripts in 10 to 20% of the

cells. To test this, we inserted 24 binding sites for

the bacteriophage MS2 coat protein into 1 of the

10 CUP1 genes in the array and then detected its

mRNA production by using a GFP-tagged form

of the MS2 coat protein (18). Summed over 24

cells, tagged mRNA amounts mirrored the re-

verse transcription polymerase chain reaction

(RT-PCR) data for the first 17 min after copper

induction (fig. S8A) but then declined more

slowly than the RT-PCR data, probably because

degradation of the tagged mRNA was hindered

by binding of the GFP-tagged coat proteins. We

therefore restricted our measurements of tagged

mRNA to the first 15 min of the slow cycle, at

which time 71% of the cells showed mRNA pro-

duction from the tagged CUP1 gene (Fig. 4A).

Thus, transcription from a single gene in the array

is not a rare event, directly contradicting the

prediction that only 1 or 2 of the 10 promoters

should be capable of mRNA synthesis if the slow

cycle arises from the recruitment and release of

stably bound molecules.

As an independent test of whether there were

only one or two stably bound molecules per

CUP1 array, we measured the amplitude of the

Ace1p-GFP slow cycle. This amplitude corre-

sponds to the peak number of stably boundmole-

cules (Fig. 3G) because transiently boundmolecules

will yield a nearly constant baseline intensity. We

calculated the slow cycle amplitude by extrap-

olating from two standards with known numbers

of GFP-tagged molecules that localized to small

spots in yeast nuclei and obtained 42 ± 10 (SD)

Ace1-GFP molecules at CUP1 at the peak of the

slow cycle (Fig. 4B). This is much larger than the

one or two molecules expected if the slow cycle

is generated from the recruitment and release of

stably bound molecules.

Thus, slow cycling by recruitment and release

of stably bound activators is contradicted by the

measured numbers of both transcribing genes

and slow-cycling Ace1-GFP molecules. These

results, however, are compatible with an alternate

model in which the slow cycle reflects the

number of accessible binding sites at promoters

and each accessible site can be bound by fast-

cycling molecules (Fig. 3B). In this model,

FRAP curves will always recover to 100% (Fig.

3D). Furthermore if 75 to 100% of the CUP1

promoters eventually become accessible to fast-

cycling molecules, then a large slow cycle

amplitude will arise (Fig. 3H). If these fast-

cycling molecules can also initiate transcription,

then a large fraction of cells will produce

transcripts from the marked promoter (Fig. 3F).

For validation, we performedMonte Carlo sim-

ulations (19) for both the stable binding and ac-

cessibility models (Fig. 3, I and J, and fig. S7). The

results of these simulations (Fig. 4, A and B) agreed

with the predictions described above. The simu-

lations also generated distinctive predictions from

the two models for the kinetics of tagged mRNA

accumulation, with the accessibility prediction

closely matching the experimental data (fig. S8).

To provide more direct support for the ac-

cessibility model, we used ChIP analyses to mea-

sure histone occupancy at the CUP1 promoter.

We observed oscillations in the amounts of his-

tones H2A and H3 that inversely mirrored the

Ace1p slow cycle (Fig. 4C). These observations

do not establish whether these changes in histone

Fig. 4. Evidence for slow cycling by
accessibility. (A) After copper induc-
tion, MS2-tagged mRNA appeared as
one or two bright spots within nuclei,
which then increased in brightness
over time. Scale bar, 2 mm. Shown in
the table are the percent of tran-
scribing cells using the tagged mRNA
and the predictions of the two models.
For stable binding, the range is de-
rived from a FRAP-immobile fraction
of 0 to 4%, whereas for accessibility
the range is derived from the esti-
mated number of 30 to 40 Ace1-GFP
molecules at the 40 CUP1 sites [as
determined in (B)]. (B) Intensities of
GFP-tagged puncta containing either
500 molecules (22) (GFP-Spc42p) or
256 molecules (23) (GFP-Lac) (see fig.
S6 for representative images). Extrap-
olation yields an average intensity of
~125 triple GFP-Ace1p at the CUP1
promoters. This corresponds to 42 ±
10 (SD) Ace1p molecules as the peak
amplitude of the slow cycle. The table
compares this estimate to the Monte
Carlo predictions for the stable binding
model based on a 0 to 4% FRAP-
immobile fraction and for the accessi-
bility model where the amplitude is a
free parameter with upper bound given
by the total number of CUP1 sites. (C)
ChIPwith two histone antibodies reveals
a cycle in histone occupancy at the
CUP1 promoter that inversely mirrors
Ace1p occupancy. Error bars indicate
SEM. (D) Time-lapse analysis of a chro-
matin remodeling mutant, rsc2D, shows impaired recruitment of Ace1p to CUP1 that dramatically reduces the slow cycle amplitude (see fig. S10 for representative
images). t = 0 corresponds to the time at which each individual array first became visible. Error bars are SEM. wt, wild type.
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occupancy are a cause or an effect of slow cy-

cling, but in either case they are consistent with

slow cycling by promoter binding site accessibility.

Changes in histone occupancy at CUP1 could

be mediated by an adenosine triphosphate–

dependent chromatin remodeler. By using fluo-

rescence resonance energy transfer, we found that

the chromatin remodeler Rsc2p interacts in live

cells with Ace1p via its transcriptional activation

domain (fig. S9). When Rsc2p was deleted, the

Ace1p slow cycle was dramatically altered (Fig.

4D). This suggests that Rsc2p acts to mediate pro-

moter accessibility; however, we cannot exclude the

possibility that the effect of theRsc2pdeletionmight

be indirect, because the RSC remodeling complex

may regulate hundreds of yeast genes (20, 21).

The work with this natural yeast system pro-

vides insight into the function of fast and slow

cycling and suggests that these two events can

coexist for a single promoter. The slow changes in

mRNA synthesis from the CUP1 promoter ap-

pear to reflect slow changes in the accessibility of

promoter binding sites rather than the recruitment

and release of stably bound Ace1p transcriptional

activators. Once accessible, the CUP1 promoter

can then be bound by Ace1p, with these transient

interactions giving rise to the fast cycle and the

production of transcripts. Hence, our data suggest

that at this promoter the fast cycle is responsible

for transcriptional initiation and the slow cycle for

adjusting the amount of mRNA synthesis.
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Centromeric Aurora-B Activation
Requires TD-60, Microtubules, and
Substrate Priming Phosphorylation
Sara E. Rosasco-Nitcher, Weijie Lan, Sepideh Khorasanizadeh, P. Todd Stukenberg*

The chromosome passenger complex (CPC) controls chromosome congression,
kinetochore-microtubule attachments, and spindle checkpoint signaling during mitosis.
Aurora-B kinase is the catalytic subunit of the CPC. To understand how a single kinase can regulate
such diverse events, we have investigated the activation of Aurora-B and describe two distinct
activation mechanisms. First, Aurora-B activation in vitro requires two cofactors, telophase
disc–60kD (TD-60) and microtubules. TD-60 is critical to localize both the CPC and Haspin kinase
activity to centromeres and thus regulates Aurora-B at several levels. Second, Aurora-B substrates can
inhibit kinase activation, and this is relieved by phosphorylation of these substrates by the
centromeric kinases Plk1 and Haspin. These regulatory mechanisms suggest models for
phosphorylation by Aurora-B of centromeric substrates at unaligned chromosomes and
merotelic attachments.

A
urora-B kinase is individually regulated

at each centromere where it phospho-

rylates distinct sets of substrates at each

mitotic stage to direct chromosome segregation

(1). Aurora-B activity requires interaction with its

partner INCENP (2–4) and (auto)phosphoryl-

ation of its T-loop (5, 6). Phosphorylation of an

Aurora-B site on the C terminus of INCENP

(S850) increases activity by a factor of 8 to 10.

TD-60, another inner centromere protein, is re-

quired for centromeric targeting of the CPC and

for chromosome congression (7). To understand

how TD-60 and Aurora-B interact, we cloned,

expressed, purified, and raised antibodies against

Xenopus TD-60 (fig. S1, A and B) and showed

that TD-60 immunoprecipitated from Xenopus

extracts pulled down CPC subunits Dasra-A and

INCENP (Fig. 1A and fig. S1D). Reciprocal

immunoprecipitations with INCENP and Dasra-A

confirmed the interaction.

To examine TD-60’s role in recruiting the

CPC during mitosis, we immunodepleted TD-60

from Xenopus cytostatic factor (CSF) extracts

(fig. S1C), cycled them into S phase, and re-

arrested in the following metaphase, allowing

spindle formation. TD-60–depleted extracts were

impaired in their ability to align chromosomes

to the metaphase plate (Fig. 1, B to D, and figs.

S2A and S3A), as shown in cells (7). Phos-

phorylation of a well-defined chromatin sub-

strate of Aurora-B kinase, serine 10 of histone-H3

(H3S10), was not affected by TD-60 depletion

(Fig. 1D and fig. S2B). However, phosphoryl-

ation of histone-H3 on threonine-3 (H3T3), a

known centromeric target of Haspin kinase (8, 9),

required TD-60 (Fig. 1D). Loss of TD-60 also

mislocalized Aurora-B and INCENP from the

inner centromere (Fig. 1, B and C, and fig. S2B),

as seen after small interfering RNA knockdown

of TD-60 in cells (7).Adding recombinant TD-60

protein to depleted extracts restored congres-

sion and CPC localization to the centromere

(Fig. 1, B and C, and fig. S2B). Therefore, TD-60

controls Aurora-B localization and the Haspin

kinase activity at the centromere, but TD-60 is

not required for Aurora-B activity on chromo-

some arms.

About 10% of endogenous TD-60 was suffi-

cient to localize Aurora-B to centromeres (Fig. 2,

A to D). Chromosome congression defects were

still seen in 60% of spindles from the partially

depleted extracts (Fig. 2, B and C, and fig. S3A).

Although approximately 80% of the endoge-

nous amount of centromeric Aurora-B properly

localized to the centromere, phosphorylation

on its T-loopwas reduced by 97% comparedwith

immunoglobulin G (IgG)–depleted extracts (Fig.

2B, D). Similarly, 70% of INCENP localized to

centromeres, but staining of centromeres with the

a-pS850 antibodywas reduced by 98% (Fig. 2, C

and D). We conclude that a small amount of TD-

60 is sufficient to localize the CPC to the cen-

tromere, but a greater amount is required to

activate centromeric Aurora-B kinase.
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The activity of immunoprecipitated CPC

was not affected by incubation with phys-

iological concentrations (11 nM) of recombi-

nant TD-60 (Fig. 3A and fig. S4A). Aurora-A

kinase, an Aurora-B paralog, is stimulated

by microtubules (10). Combinations of taxol-

stabilized microtubules (10 mM) and TD-60

(7.2 mM, 180 pmol) stimulated Aurora-B kinase

activity at concentrations where neither micro-

tubules nor TD-60 had an effect (Fig. 3A).

Aurora-B and full-length INCENP (fig. S4B,

AI) bind microtubules, consistent with the pre-

viously identified microtubule-binding activity

in the central region of INCENP (11, 12). How-

ever, there is at least one additional microtubule-

binding site in either Aurora-B (60-361) or a

small C-terminal fragment of INCENP (790-

856) (fig. S4B, AI790-856). Recombinant TD-60

independently bound microtubules. We con-

clude that both Aurora-B/INCENP and TD-60

directly interact with microtubules and that

all four components are required for kinase

activation.

To study Aurora-B activation in a defined

system, we developed a three-step in vitro assay

using highly purified components (Fig. 3B). Be-

cause Aurora-B phosphorylates both its own T-

loop and the C terminus on INCENP, it is fully

active when expressed with INCENP and puri-

fied from Escherichia coli. To study Aurora-B

activation, we first dephosphorylated recombi-

nant AI790-856 (13) by l-phosphatase. Second,

l-phosphatase was inhibited with sodium or-

thovanadate (vanadate) and the kinase was

incubated with presumptive activators. Third,

kinase activity was assayed upon addition of

histone H3 as a substrate with g32P-ATP (aden-

osine triphosphate) (Fig. 3, B and C). After in-

activation by phosphatase treatment, Aurora-B

could not activate itself after 30 min (Fig. 3, B

to D). Although microtubules on their own par-

tially stimulated the kinase, a time course demon-

strated synergistic activation by a combination

of TD-60 and microtubules (Fig. 3, C and D).

Together the two cofactors stimulated Aurora-B

kinase activity by a factor of more than 100 and

showed cooperative kinetics with a 2.5-min lag-

phase during which the T-loop of Aurora-B was

autophosphorylated (Fig. 3, C and D). This

cooperativity suggests positive feedback by

Aurora-B kinase in trans.

In the previous experiment, Aurora-B/

INCENP was incubated with cofactors without

nucleotide first, and then the substrate and

g
32P-ATP were added last. The order of ad-

dition of components affected the reaction. We

preincubated three of four components with

unlabeled ATP and then added the fourth

component and g
32P-ATP to measure kinase

activity. Preincubation of microtubules, TD-60,

and the CPC with ATP eliminated the lag phase,

which suggests that these components are suf-

ficient to activate Aurora-B. All conditions that

included the histone-H3 substrate in the pre-

incubation step prevented kinase activation (Fig.

4A). The experiment in Fig. 4A was performed

with the CPC complex (fig. S1E), and similar

results were seen using AI790-856 (fig. S5A). We

saw similar effects when myelin basic protein

was the substrate (fig. S5B). These data demon-

strate that preincubation of substrates with inac-

tive kinase inhibits subsequent kinase activation

by microtubules and TD-60.

If substrates prevent Aurora-B activation,

there must be mechanism(s) to reverse this

inhibition. We hypothesized that phosphoryl-

ation of Aurora-B substrates by other kinases

would reverse the inhibitory effect. Peptides of

the histone-H3 N terminus were preincubated

with TD-60, followed by the addition of the

CPC, microtubules, and unlabeled ATP. Activ-

ity was measured after addition of g32P-ATP and

myelin basic protein substrate for 2 min. Pre-

incubation with an unphosphorylated histone-H3

peptide potently inhibited kinase activation

(Ki-50 nM) (Fig. 4B). However, when this

peptide was phosphorylated on T3, the kinase

was activated with myelin basic protein (Fig.

4B) or MCAK-S196 (fig. S7A) as a substrate.

Thus, H3 tails inhibit kinase activation unless

they are phosphorylated on T3. We propose

that Haspin phosphorylation of T3 at the

centromere facilitates Aurora-B activation.

Unphosphorylated substrates presumably

bind either Aurora-B/INCENP (fig. S1F) or

TD-60 to inhibit activation. The unphosphoryl-

ated H3 peptide bound Aurora-B/INCENP

much more strongly than did the phosphoryl-

ated peptide (Fig. 4C). TD-60 poorly bound

either peptide at the concentrations tested. These

data suggest that unphosphorylated substrates

directly bind Aurora-B/INCENP to prevent

activation.

TD-60 is required for H3S10 phosphoryl-

ation in vitro but not in vivo. We tested the

requirement for cofactors (TD-60 and micro-

tubules) and priming phosphorylation on a

physiological centromeric substrate. The mi-

crotubule depolymerase MCAK is phosphoryl-

ated by Aurora-B on S196 and T95 in the

centromere in prometaphase and on T95 on

chromosome arms in prophase (14–17). Micro-

tubules poorly stimulated total kinase activity

on MCAK(2-263), and TD-60 did not further

stimulate activity (fig. S5C).

We determined whether a priming phospho-

rylation could restore TD-60 and microtubule

Fig. 1. TD-60 is required to congress chromosomes and localize CPC and Haspin kinase activity to the
centromeres. (A) CPC and TD-60 interact in Xenopus CSF extracts. (B to D) Representative spindles from
mock-depleted extracts (IgGD), TD-60–depleted extracts (TD-60D), or TD-60–depleted extracts rescued
with recombinant TD-60 (TD-60D+rTD-60), stained with the antibodies indicated at the top of each panel.
Scale bar, 10 mm.
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cooperative activation of Aurora-B on MCAK.

Another centromeric kinase, the Xenopus Polo

kinase (Plx1), phosphorylates MCAK. Plx1 im-

munoprecipitated from mitotic Xenopus extracts

phosphorylated MCAK as well as Aurora-B in

this assay (fig. S6B). Further analysis of Plx1

phosphorylation onMCAKmapped the majority

of Plx1 sites to the N-terminal region (2 to 116)

(fig. S6, A and C).

To directly test whether priming phos-

phorylation by Plx1 activates MCAK as an

Aurora-B substrate, we measured the kinetics

of Aurora-B kinase activity on two different

Aurora-B sites on MCAK(2-263) by immuno-

blots using antibodies specific to phosphoryl-

ated residues T95 and S196 (14–17). In a

control reaction in which MCAK was incu-

bated with Aurora-B, there was little activity

on MCAK (Fig. 4D and fig. S7C, MCAK

only). Preincubating Plx1 with MCAK before

the addition of Aurora-B produced robust phos-

phorylation on the MCAK-T95 site but little

activity on the MCAK-S196 site. MCAK-T95

phosphorylation was seen in all conditions where

Plx1 was preincubated with MCAK, which sug-

gests that this is the key event to allow Aurora-B

to phosphorylate this site. We believe the stimu-

lation is caused by Plx1 phosphorylation of

MCAK on unidentified sites, because Plx1 ro-

bustly phosphorylates the N terminus of MCAK

(fig. S6, A to C) but does not phosphorylate

TD-60 (fig. S6B), MCAK-S196, or MCAK-

T95 (fig. S7B).

After phosphorylation with Plx1, MCAK-

S196 phosphorylation required the same cofac-

tors as histone-H3. The greatest activation was

seen when Plx1 was preincubated with MCAK

and then both microtubules and TD-60 were

added (Fig. 4D and fig. S7C). Preincubation of

MCAK with Plx1 followed by either TD-60 or

microtubules alone produced substantial activ-

ity, although neither gave as robust activity as

when both cofactors were present.

Our data are consistent with the following

model of Aurora-B activation (Fig. 4E). Aurora-

B requires a rotation to bring the N- and C-

terminal domains into register (13), which we

Fig. 2. Partial depletion of TD-60 reveals requirement for TD-60 in Aurora-B activation. (A) Immunoblot
showing that 10% of endogenous TD-60 remains after depletion. (B and C) Residual endogenous TD-60
after depletion is sufficient to localize Aurora-B (B) and INCENP (C) to centromeres but not to activate
Aurora-B kinase as measured by phosphorylation of the T-loop (B) or INCENP-S850 (C). (D) Quantification of
mean integrated fluorescence intensity for (B) and (C). N = 10 nuclei, 16 centromeres per nuclei. Error bars
represent SEM. Scale bar, 10 mm.

Fig. 3. TD-60 and microtubules are required to
activate Aurora-B kinase. (A) Anti-CPC IP kinase
activity was measured by g

32PO4 incorporation
onto MCAK(2-263) after the indicated treat-

ments. (B) Microtubules (MTs) and TD-60 are required to activate Aurora-B/INCENP after phosphatase
treatment. (C) Time course of experiment in (B). (D) Parallel time points from the experiment in (C) were
immunoblotted with antibodies to phospho-T-loop to follow Aurora-B activation.
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propose is the step catalyzed by TD-60 and mi-

crotubules to allow T-loop autophosphorylation.

Active kinase phosphorylates activation sites on

inactive CPCs, generating positive feedback. Sub-

strates inhibit activation because they compete

with the T-loop for the active site or block domain

rotation. Priming phosphorylation dissociates sub-

strates from Aurora-B, allowing activation.

Our data suggest mechanisms of cross-talk be-

tween three major mitotic kinases. CDK1 phos-

phorylation of substrates recruits Plx1, which then

drives local Aurora-B activation by priming sub-

strates. Moreover, Haspin phosphorylation of

H3T3 might establish a centromeric histone code

that ensures that high Aurora-B activity is re-

stricted to centromeres in prometaphase.

During prophase Aurora-B regulates global

events such as changes to mitotic chromatin,

whereas in prometaphase each mitotic chromo-

some is autonomously controlled by Aurora-B

activity to generate spindle checkpoint signals

and correct kinetochore-microtubule attachments.

Currently the best example of these phenome-

na is the regulation of MCAK by Aurora-B.

Can the interplay of substrate inhibition and

cofactor availability to control Aurora-B activ-

ity explain the spatial and temporal changes

seen inMCAK regulation? In G2/Prophase, the

CPC may use Plx1 priming phosphorylation to

phosphorylate MCAK-T95 throughout the

nucleus (16, 17). In anaphase, the CPC, TD-60,

and Plx1 are colocalized on midzone micro-

tubules spatially restricting MCAK-S196 phos-

phorylation to this region (14). In prometaphase,

phosphorylation of MCAK-S196 is enriched

on the centromeres of unaligned chromosomes

and also at centromeres of chromosomes that

have a kinetochore attached to both poles

(merotelic attachments) (18). This chromosome

autonomous regulation may be explained by

the requirement of a physical contact between

microtubules and Aurora-B during activation.

Centromeres on unaligned chromosomes may

have frequent contact with microtubules nu-

cleated by centrosomes, whereas the kineto-

chores of aligned chromosomes could protect

inner centromeres frommicrotubules nucleated

from the poles (fig. S7D). An exception would

be a merotelic attachment where microtubules

are brought into contact with inner centromeres

even on chromosomes at the metaphase plate

(18–20). In this way, Aurora-B provides infor-

mation to centromeres on the location of each

chromosome on the spindle as well as its micro-

tubule attachment status.
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Fig. 4. Phosphorylation of substrates by other mitotic kinases
reverses substrate inhibition of Aurora-B activation. (A) Order of
addition regulates Aurora-B activation in vitro. (B) Histone-H3
phosphorylation on pT3H3 permits Aurora-B activation. (C) Binding
of either TD-60 or Aurora-B/INCENP to a histone-H3 tail peptide or
the same peptide phosphorylated on T3. (D) Plx1 was incubated with

MCAK and ATP, followed by addition of Aurora-B/INCENP and indicated cofactors. Phosphorylation of MCAK by Aurora-B was measured by immunoblot with
indicated phosphospecific antibodies. (E) Model for Aurora-B activation by TD-60, microtubules, and substrate priming.
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Alignment Uncertainty and
Genomic Analysis
Karen M. Wong,1 Marc A. Suchard,2 John P. Huelsenbeck3*

The statistical methods applied to the analysis of genomic data do not account for uncertainty in
the sequence alignment. Indeed, the alignment is treated as an observation, and all of the
subsequent inferences depend on the alignment being correct. This may not have been too
problematic for many phylogenetic studies, in which the gene is carefully chosen for, among other
things, ease of alignment. However, in a comparative genomics study, the same statistical methods
are applied repeatedly on thousands of genes, many of which will be difficult to align. Using
genomic data from seven yeast species, we show that uncertainty in the alignment can lead to
several problems, including different alignment methods resulting in different conclusions.

A
common theme in comparative genomics

studies is a flow diagram, or chart, trac-

ing the various steps and algorithms used

during the analysis of a large number of genes.

Flow charts can be quite sophisticated, with steps

such as identifying orthologous gene sets, align-

ing the genes, and performing different statistical

analyses on the resulting alignments. The key point,

and a great practical difficulty in comparative

genomics studies, is that the analyses must be

repeated many times. The procedure, then, is

largely automated, with scripting languages such

as Perl or Python cobbling together individual

programs that perform each step. In addition,

many of the individual steps involve procedures

originally developed in the evolutionary biology

literature, to perform phylogeny estimation or to

identify individual amino acid residues under

the influence of positive selection (1). Statistical

methods that until recently would have been ap-

plied to a single alignment, carefully constructed,

are now applied to a large number of alignments,

many of which may be of uncertain quality and

cause the underlying assumptions of the meth-

ods to fail.

How might alignment uncertainty affect ge-

nomic studies? We performed a study designed

to uncover the effect that alignment has on in-

ferences of evolutionary parameters. We exam-

ined genomic data from seven yeast species

(Saccharomyces cerevisiae, S. paradoxus, S.

mikatae, S. kudriavzevii, S. bayanus, S. castellii,

and S. kluyveri). Earlier molecular evolution

studies that included these species established

the appropriateness of sequence comparisons

between them (2–4), with estimated divergence

dates from S. cerevisiae ranging from as little as

5 million years for S. paradoxus to about 100

million years for S. kluyveri and average pair-

wise sequence similarity ranging from 54 to

89%. The comparisons we carried out among

the seven yeast species are, thus, reasonable and

of the sort that any evolutionary biologist might

make. Accurate inference of evolutionary pro-

cesses from molecular sequences also relies on

the compared sequences being orthologous.

However, correct identification of orthologous

sequences is not trivial because current align-

ment algorithms do not evaluate homology and

will align sequences regardless of proper evolu-

tionary relationships. We combined two earlier

data sets of previously identified orthologous

open reading frames (ORFs) from studies on the

comparative genomics analysis of yeast (3, 4).

The orthologs identified from the Kellis et al.

(4) study were used for species that overlapped

between the two studies (S. mikatae and S.

bayanus), and only those ORFs for which all

seven species contained a detected ortholo-

gous sequence were included in the analysis.

Overall, we considered a total of 1502 sets of

orthologous gene sequences.

For each orthologous gene set, we applied

seven different alignment programs—Clustal W,

Muscle, T-Coffee, Dialign 2, Mafft, Dca, and

ProbCons (5–11)—aligning data by amino acid

sequence under default program settings and

using the aligned amino acid sequences to con-

struct nucleotide alignments. From this intensive

undertaking, we produced a table of 1502 × 7

alignments. Alignments were then subjected to

several statistical analyses of the sort that an

evolutionary biologist might apply; specifically,

we estimated the phylogeny using maximum

likelihood under the GTR+G model of DNA sub-

stitution and the number of positively selected sites

for each alignment (1).

Estimates of phylogeny and inferences of pos-

itive selection were sensitive to alignment treat-

ment. Confirming previous studies showing that

alignment method has a considerable effect on

tree topology (12–14), we found that 46.2% of

the 1502 ORFs had one or more differing trees

depending on the alignment procedure used.

The number of unique trees outputted for each

ORF varied from one to six, and the average

symmetric-difference distance (15) between trees

for each ORF ranged from 0 to 6.67 (for trees of

seven species, the maximum possible value is

eight). Figure 1 shows a case in which align-

ments produced by the seven different align-

ment programs resulted in six different estimates

of phylogeny. In general, phylogenies estimated

from different alignments for an ORF were more

concordant when the alignments were similar.

Figure 2A shows a strong positive relation be-

tween a measure of variability in alignments across

alignment treatments and the average topolog-

ical distance between estimated trees (15). The

support for the maximum-likelihood trees, mea-

sured by the nonparametric bootstrap, was gen-

erally lower when alignments were dissimilar

across treatments (Fig. 2B). One does not

usually find strongly supported, but conflicting,

phylogenies produced by different alignment

treatments.

Previous studies on the effects produced by

different alignment methods focused on tree

topology. Yet, other commonly estimated evolu-

tionary parameters, such as substitution rates

and the frequency of positively selected sites,

are also alignment dependent. To examine if

variable alignments for an ORF affect the in-

ference of these parameters, we estimated the

synonymous (dS) and nonsynonymous (dN) sub-

stitution rates for each gene and inferred sites

under positive selection using Paml, under the

M2 model with (initially) a threshold of 0.5 for

inferring a site to be under positive selection (1).

Overall estimates of substitution rates did not

differ significantly among alignment treatments

(Kruskal-Wallis test: dN, P = 0.59; dS, P = 0.08;

dN/dS, P = 0.51), and for most ORFs none of the

sites were inferred as under positive selection,

regardless of the alignment treatment (1032

ORFs). However, of the remaining 470 ORFs,

only 44 showed a consistent number of posi-

tively selected sites. Thus, in 28.4% of the cases,

we found that the inference of positively selected

sites was also sensitive to the method of align-

ment. Raising the threshold for flagging sites as

under the influence of positive natural selection

to 0.95 reduced the number of conflicting ORFs

(Fig. 3); in 14.8% of the cases, positive-selection

inference was sensitive to alignment treatment.

However, reducing conflict among alignment

treatments comes at the cost of finding fewer

sites under positive selection, and in many cases

alignment treatments still produce discordant in-

ferences of positive selection.

We hypothesize that the inconsistent infer-

ences of alignments produced by the seven

different alignment methods examined here is

not necessarily a fault of the alignment proce-

dures, but rather reflects underlying variability

in the processes of substitution, insertion, and

deletion that makes some ORFs inherently more

difficult to align. We examined alignment varia-

bility by approximating the marginal posterior

probability distribution of the alignment for each

ORF, using the program BAli-Phy (16, 17). BAli-

Phy implements a stochastic model of insertion

and deletion and explores posterior probability

distributions of phylogenetic model parameters,

such as the tree and branch lengths, as well as the
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probability distribution of alignment by Markov

chain Monte Carlo (MCMC). Quantifying the

uncertainty of complex discrete random variables,

such as alignments, is a formidable task. We de-

veloped a crude summary statistic that reflects

variability of the alignments sampled with MCMC

for each ORF; we calculated a distance between

all pairs of sampled alignments and considered

the mean of these pairwise distances as a mea-

sure of inherent alignment uncertainty for each

ORF. To measure distances between alignments,

we exploited the metric of Schwartz et al. (18).

Effectively, this metric counts the number of pair-

wise homology statements upon which two align-

ments disagree. We found that alignment variability,

as reflected by the marginal posterior probability

distribution of alignments, was associated with

the inconsistency of alignments produced by the

seven different alignment methods (Fig. 2C) and

with the number of estimated nonsynonymous

substitutions for an ORF (Fig. 2D).

The problem of alignment uncertainty in ge-

nomic studies, identified here, is not a problem

of sloppy analysis. Many comparative genomics

studies are carefully performed and reasonable

in design. However, even carefully designed and

carried out analyses can suffer from these types

of problems because the methods used in the

analysis of the genomic data do not properly

accommodate alignment uncertainty in the first

place. Moreover, the genes that are of greatest

interest to the evolutionary biologist probably

suffer disproportionately. For example, in sev-

eral studies, the genes of greatest interest were

the ones that had diverged most in their non-

synonymous rate of substitution (19). But, these

are the very genes that should be the most dif-

ficult to align in the first place. We also do not

believe that the alignment uncertainty problem

is one that can be resolved by simply throwing

away genes, or portions of genes, for which align-

ment differs. Quality checks are common in com-

parative genomics studies, often referred to as

“filters” in a flow diagram showing the analyses

that were performed. The filters usually exclude
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Fig. 1. An example, involving ORF YPL077C, in which alignments produced by seven different alignment methods produce six different estimated
trees, albeit with low bootstrap support (bootstrap proportions shown parenthetically for each tree).

25 JANUARY 2008 VOL 319 SCIENCE www.sciencemag.org474

REPORTS

http://www.sciencemag.org


ambiguous alignment regions according to some

criterion. Discarding information from alignments

is inadvisable for at least two reasons. First, one

may end up discarding considerable portions of

the primary data, some of which may be inform-

ative. In some cases, insertion and deletion events

themselves are informative for phylogeny estima-

tion (20). In other cases, excluding a gapped

position leads to excluding substitutions that

occur elsewhere in the tree at that site and are

informative (21). Moreover, excluding data does

not necessarily result in more concordant infer-

ences. Figure 2E shows results of phylogenetic

analyses in which gapped sites were excluded

from the alignments. One still finds many genes

for which phylogenetic inferences differ among

alignment treatments. Second, when an appro-

priate statistical method of analysis is applied,

one may be able to make conclusions even in

the face of alignment uncertainty. For example,

it might be that the number and identity of pos-

itively selected sites differ among alignment

treatments. However, when the alignment un-

certainty is properly accounted for, one may still

be able to pick out some sites that are consist-

ently under positive selection.

The common statistical procedure for ac-

counting for parameter uncertainty is to treat the

parameter as a random variable and sum or in-

tegrate over the uncertainty, weighting each pos-

sible value of the parameter by its prior probability.

In a comparative genomics study, we advocate

that alignment be treated as a random variable,

and inferences of parameters of interest to the ge-

nomicist, such as the amount of nonsynonymous

divergence or the phylogeny, consider the differ-

ent possible alignments in proportion to their

probability. Considering alignment as a random

variable is innate to the statistical alignment pro-
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Fig. 2. (A) Positive correlation between a measure of
topological distance among trees estimated from
different alignment methods and alignment variabil-
ity among alignment treatments (Spearman’s rank
correlation: rs = 0.53, P < 0.0001). (B) Conflicting
trees estimated from different alignment treatments
tend to be poorly supported by the nonparametric
bootstrap method (rs = −0.37, P < 0.0001). MLE,
maximum likelihood estimate. (C) Positive correlation
between the Bayesian-inferred alignment variability
and average distance between alignments from
different methods for each ORF (rs = 0.92, P <
0.0001). (D) Alignment variability for an ORF
positively correlates with the number of nonsynon-
ymous substitutions (rs = 0.42, P < 0.0001). (E)
Removing gapped sites from alignments does not
remove conflict among trees estimated from different
alignment treatments (rs = 0.52, P < 0.0001).

Fig. 3. (A) The range in the
number of positively selected
sites for each ORF. Inferences
of positive selection for an ORF
are consistent across alignment
treatments when the minimum
and maximum number of posi-
tively selected sites are equal. In
many cases (426 of 1502 ORFs),
inferences of positive selection
varied depending upon the align-
ment treatment. (B) Increasing
stringency for inferring positive
selection to 0.95 decreases the
number of sites inferred to be under positive selection; there remain many cases (222 of 1502 ORFs) in which inferences of positive selection differ according to
alignment treatment.
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cedure advocated by many (22–24). Statistical

alignment, however, generally assumes that the

phylogeny is known, a condition often violated in

comparative genomics studies. Moreover, many

biologists appear to take the position that when an

alignment has been carefully constructed, incor-

porating uncertainty is unnecessary; in a phylo-

genetic study, for example, the phylogenetic

marker is carefully selected because it is easy to

align and has a substitution rate appropriate to the

phylogenetic problem of interest (25), a selectivity

that may help, but probably does not solve, the

alignment uncertainty problem in many phyloge-

netic studies, especially those for anciently di-

verged species. In comparative genomics studies,

however, the goal is to analyze all of the genes in

the genome. As we have shown here, many of

these genes will be difficult to align and result in

highly variable evolutionary parameter estimates.

Allowing for uncertainty in the alignment and,

possibly, phylogeny simultaneously, through statis-

tical phylo-alignment, should be of special im-

portance in comparative genomics studies.
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NFAT Binding and Regulation of T Cell
Activation by the Cytoplasmic
Scaffolding Homer Proteins
Guo N. Huang,1,2* David L. Huso,3† Samuel Bouyain,4† Jianchen Tu,2† Kelly A. McCorkell,5†

Michael J. May,5 Yuwen Zhu,6 Michael Lutz,7 Samuel Collins,7 Marlin Dehoff,2 Shin Kang,2

Katharine Whartenby,7 Jonathan Powell,7 Daniel Leahy,4 Paul F. Worley2,8‡

T cell receptor (TCR) and costimulatory receptor (CD28) signals cooperate in activating T cells,
although understanding of how these pathways are themselves regulated is incomplete. We found
that Homer2 and Homer3, members of the Homer family of cytoplasmic scaffolding proteins, are
negative regulators of T cell activation. This is achieved through binding of nuclear factor of
activated T cells (NFAT) and by competing with calcineurin. Homer-NFAT binding was also
antagonized by active serine-threonine kinase AKT, thereby enhancing TCR signaling via
calcineurin-dependent dephosphorylation of NFAT. This corresponded with changes in cytokine
expression and an increase in effector-memory T cell populations in Homer-deficient mice, which
also developed autoimmune-like pathology. These results demonstrate a further means by which
costimulatory signals are regulated to control self-reactivity.

T
cells are activated through the TCR and

costimulatory pathways predominantly

mediated by the cell surface receptor

CD28. Although these pathways are relatively

well defined, questions still remain about how

costimulatory signals are regulated. The Homer

family of cytoplasmic scaffolding proteins are

known to function at the neuronal excitatory

synapse (1, 2), although their wide tissue dis-

tribution, including within the immune system,

suggests that their functions may be relatively

broad.

To investigate the in vivo functions of the

Homer proteins, we generated mice in which

the loci for each Homer gene were deleted

(Homer1, 2, and 3). Of these, we noted that

the Homer3-deficient mice (3) displayed lym-

phocyte infiltration of multiple organs and hy-

perplasia in lymph nodes by 10 weeks of age

(fig. S1), which suggested that at least one

of the family might possess some level of

immune function. Because Homer proteins

typically have redundant roles (1, 2), we first

assessed their possible role in T cell activa-

tion, by assaying interleukin-2 (IL-2) produc-

tion in T cells lacking all three genes (TKO).

IL-2 production was increased by a factor of 2

to 6 in anti-CD3–stimulated T cells from Homer

TKO mice relative to wild-type controls (Fig.

1A). By contrast, when T cells were activated

by costimulation of both CD3 and CD28, no

measurable difference in IL-2 production was

detected between wild-type and Homer-deficient

mice (fig. S2).

To examine the potential role of Homer pro-

teins in T cell activation in more detail, we used

short hairpin RNAs (shRNAs) to knock down

Homer gene expression in human Jurkat T cells

(Fig. 1B). Knockdown of Homer2 or Homer3,

but not Homer1, enhanced the expression of a

luciferase reporter driven by the IL-2 promoter

by a factor of 3 to 6 (Fig. 1C). Homer2 and

Homer3 appeared to have redundant functions in

these assays because overexpression of Homer2,

but not Homer1, could rescue the loss of Homer3

(Fig. 1D). The IL-2 promoter integrates signals

from the calcineurin-NFAT, MAPK-AP1, and

NF-kB pathways (4, 5); to identify which path-

ways might be regulated by Homer, we used

luciferase reporter constructs under the control of

multimerized binding elements for individual

transcription factors. The calcineurin-NFAT path-

way was preferentially enhanced in cells de-

pleted of Homer2 or Homer3 (Fig. 1E). To

respond to calcium signals, NFAT is first de-

phosphorylated by calcineurin (4), and in Jurkat

Tcells that expressed shRNAs targeting Homer3,

enhanced dephosphorylation of the NFATc2

isoform was observed after activation but not

under basal conditions (Fig. 1F). No difference
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was detected in key signaling events for other

pathways such as Fos and Jun induction for

the AP1 pathway or IkB degradation for the

NF-kB pathways (Fig. 1F); these results sup-

ported the notion that Homer2 and Homer3

function to selectively inhibit calcineurin-NFAT

activation.

The upstream events of NFAT dephospho-

rylation include calcium mobilization and ac-

tivation of calcineurin. In a comparison of the

calcium dynamics in response to CD3 ac-

tivation in wild-type and Homer TKO primary

Tcells, no difference was detected (fig. S3A). An

analysis of calcineurin activity in Homer3-

depleted Jurkat T cells showed normal calcium-

Fig. 1. Homer2 and Homer3 negatively regulate IL-2 expression by inhibiting
calcineurin-NFAT pathway activation. (A) IL-2 production is enhanced from
purified primary Homer1,2,3 triple-knockout (H1,2,3 TKO) T cells after
stimulation with anti-CD3 for 24 hours. This result is representative of at least
three independent experiments with IL-2 production increases by factors of 4
to 6 from knockout T cells. (B) All three Homer family members express in
human Jurkat T cells and can be efficiently knocked down by shRNA. (C)
Depletion of Homer2 or Homer3 enhances IL-2 promoter activity. Jurkat cells
were transfected with a luciferase reporter under the control of the IL-2
promoter and Homer shRNA-expressing plasmids and stimulated with PMA

(50 ng/ml) and 1 mM ionomycin (P+I). Error bars are SDs from three to seven
independent experiments. (D) Homer2 and Homer3 have redundant functions
in IL-2 expression regulation. Error bars are SDs from three independent
experiments; # denotes P < 0.05, and n.s. indicates P > 0.05 (Student t test).
(E) Knockdown of Homer2 or Homer3 mainly increases calcineurin-NFAT
pathway activation. Cells were stimulated with P+I. Error bars are SDs from
three to eight independent experiments. (F) Depletion of Homer3 enhances
NFAT dephosphorylation. This result is representative of at least three
independent experiments. The asterisks in (B) and (F) label the nonspecific
cross-reactive proteins.
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dependent phosphatase activity (fig. S3B). These

results suggested that the Homer proteins func-

tion downstream of calcineurin activation but

upstream of NFAT dephosphorylation.

We next asked how Homer might inhibit

NFAT activation. Coexpression of a green flu-

orescent protein (GFP)–labeled form of NFATc2

(GFP-NFATc2) with Homer2 or Homer3, but

not Homer1, resulted in large cytoplasmic punc-

tae containing both NFATc2 and Homer (Fig.

2A and fig. S4), suggesting physical interac-

tion of the proteins. In support of the notion

that Homer directly binds NFAT, purified GST-

Homer2 and GST-Homer3 fusion proteins

could pull down NFATc1, c2, and c4 isoforms

expressed in human embryonic kidney (HEK)

cells (Fig. 2B). Homer1 bound only NFATc4,

whereas NFATc3 did not show binding to any

Fig. 2. Homer2 and Homer3 bind NFATc2 and compete with calcineurin for
NFATc2 binding. (A) NFATc2 forms cytoplasmic punctae in HEK293 cells in the
presence of Homer2 or Homer3 overexpression. NFATc2 (1-460) (designated
as NT)–GFP is shown in green; Homer proteins are stained in red by an anti-
myc mouse antibody. (B) Binding specificity between Homer and NFAT family
members. mGluR5 binds equally well to Homer1, 2, and 3. (C) Coimmuno-

precipitation of endogenous Homer3 and NFATc2 from primary mouse T cells.
(D) GST-NFATc2 NT pulls down comparable amounts of Homer3 and calci-
neurin. Calcium-containing buffers were used for pull-down assays, and both
Homer3 and calcineurin were detected by an antibody to HA. (E) Mapping of
regions in NFATc2 that bind Homer3. (F) Competition between Homer3 and
calcineurin for NFATc2 binding.
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of the Homer proteins (Fig. 2B). In addition,

Homer3 and NFATc2 could be coimmunopre-

cipitated from whole T cell lysates (Fig. 2C).

We next compared Homer and calcineurin

binding to NFATc2. When coexpressed, similar

amounts of Homer3 and calcineurin bound GST-

NFATc2 (Fig. 2D), which suggested that they

have comparable affinities. GST-Homer3 bound

NFAT robustly even in calcium-depleted buf-

Fig. 3. Five amino acids in the Homer EVH domain distinguish Homer3 from
Homer1 for NFATc2 binding. (A) The Homer3 EVH domain is sufficient and
necessary to bind NFATc2. (B) Analysis of Homer3 Homer1 chimeric mutants
(CM) reveals that the N-terminal 80 amino acids are critical for NFATc2 binding.
(C) Analysis of point mutants (PM) of Homer3 with amino acids converted to
those in Homer1 for NFATc2 binding. The numbers below the schematic protein
bars in (B) and (C) correspond to the positions of the amino acids in Homer3.
The five amino acids that are essential for NFATc2 binding are marked by short

black bars. (D) Crystal structure of the Homer3 EVH1 domain. The five critical
amino acids for NFAT binding are labeled in red, and the surface that binds the
proline-rich sequence such as mGluR peptide (pep, in blue) is shown. (E) Over-
expression of active AKT attenuates Homer3-NFATc2 binding. (F) Effect of active
AKT on NFATc2 binding to Homer family members. (G) Activation of CD28 sig-
naling reduces Homer3-NFATc2 binding in primary mouse T cells. T cells were stim-
ulated for 3 hours by anti-CD28 precoated on dishes at 10 mg/ml. An AKT inhibitor
(20 mM) or a GSK inhibitor (10 mM LiCl) was added in the medium as indicated.
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Fig. 4. Deletion of Homer2,3 is linked to autoimmune phenotypes. (A and B)
The costimulatory pathway activation attenuates the difference of IL-2
production between wild type (WT) and Homer2,3 DKO T cells. (A) IL-2
production from purified spleen T cells from wild-type and DKO mice upon
stimulation with various dosages of anti-CD3 or anti-CD3 plus anti-CD28. (B)
Real-time polymerase chain reaction analysis of gene expression of purified
primary T cells stimulated by anti-CD3 (10 mg/ml) or anti-CD3 (3 mg/ml) plus
anti-CD28 (3 mg/ml) for 24 hours. (C andD) IL-2 production from purified CD4+

T cells from wild-type transgenic (WT6.5) and Homer2,3 DKO transgenic
mice (Homer2,3 DKO6.5) 48 hours after mixing with irradiated wild-type
APCs in the presence of different concentrations of HA peptide (C) or HA
peptide (10 mg/ml) plus CTLA4-Ig protein (5 mg/ml), which blocks the CD28

signaling (D). (E) Homer2,3 DKO6.5 T cells promote an accelerated response
in a pneumonitis autoimmunemodel. The data of all mice that did not survive are
presented. P= 0.037 in a log-rank one-way test (WT6.5, n = 5; Homer2,3 DKO6.5,
n = 4). (F) Flow cytometry data showing the staining of the effector-memory T
cells (CD62L−CD44high) from 7- to 10-week-old wild-type or DKO splenocytes.
The data are representative of three independent experiments in which a total of
six animals of each genotype were analyzed. (G and H) Hematoxylin and eosin
stain of the liver (G) and lacrimal gland (H1, H2) sections from 14-month-old
wild-type and Homer2,3 mutant mice; trichrome stain of the lacrimal gland
sections from a wild-type (H3) and a mutant mouse exhibiting atrophic
appearance (H4). Collagen deposition is labeled in blue. Scale bars, 200 mm in
(G1) and (G2); 50 mm in (G3), (G4), and (H1) to (H4).
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fers (fig. S5A) and was not dependent on NFAT

phosphorylation (fig. S5B). NFATc2 contains

a DNA binding domain (DBD) and an N-

terminal regulatory domain that includes two

calcineurin docking sites, serine-arginine–rich

regions (SRR), serine-proline–rich regions (SP),

and a nuclear localization sequence (NLS)

(Fig. 2E) (6). Binding assays indicated that

Homer3 binds a broad region in the N-terminal

regulatory domain (Fig. 2E). Because the Homer

binding region overlaps with the calcineurin

docking sites on NFAT, we examined whether

any of the Homer proteins might compete

with calcineurin for NFATc2 binding. Using

purified recombinant proteins, we found that

Homer3 reduces calcineurin binding to NFATc2

(Fig. 2F).

For all previously described Homer interac-

tions, Homer1, 2, and 3 proteins show identical

properties (1, 2). Accordingly, we examined the

structural basis of Homer binding to NFATc2 that

distinguishes Homer2/3 from Homer1. Binding

required the EVH1 domain of Homer3 (Fig. 3, A

and B), and mutation analysis identified five

amino acids that are most critical (Fig. 3C). The

crystal structure of Homer3 was solved and re-

vealed that all five amino acids cluster at one

prominence that is remote from the surface used

by Homer to bind polyproline-rich sequences

(Fig. 3D) (7). We noted a threonine and two

serines (Thr36, Ser38, and Ser52) close to the

putative NFATc2 binding surface (fig. S6) that

are predicted AKT phosphorylation targets

(3). Indeed, activated AKT (8, 9) prevented

the formation of cytoplasmic punctae in cells

between Homer2 or 3 and GFP-NFATc2 (fig.

S7) and reduced Homer2 and 3 binding to

GST-NFATc2 in vitro (Fig. 3, E and F). Mimick-

ing phosphorylation of one or more of Thr36,

Ser38, and Ser52 reduced NFATc2 binding (fig.

S8), whereas the triple alanine mutant (in

which Thr36, Ser38, and Ser52 are all mutated

to Ala) bound NFATc2 and the inhibition by

AKTwas attenuated (fig. S8). AKT is activated

by the CD28 pathway (10). CD28 stimulation

reduced NFATc2-Homer coimmunoprecipi-

tation from T cells and was AKT-dependent

(Fig. 3G). By contrast, treatment with LiCl, a

GSK3 inhibitor, did not change the amount of

NFATc2 that coimmunoprecipitated with Ho-

mer3. These results identify a novel binding

surface for Homer and support a model in

which CD28/AKT activation reduces Homer3

binding to NFATc2.

To further explore the role of Homer in co-

operative activation by CD3 and CD28, we mon-

itored IL-2 expression by T cells isolated from

Homer2,3 double-knockout (DKO) mice (3)

(Fig. 4A). At a threshold concentration for CD3

activating antibody (1 mg/ml), addition of low

concentrations of CD28 antibody resulted in IL-2

expression from Homer2,3 DKO greater than

fromwild-type Tcells by a factor of as much as 9

(Fig. 4A). Homer2,3 DKO T cells also showed

enhanced proliferation in response to CD3, either

alone or with low-dose CD28 antibody (fig. S9,

A and B). By contrast, at a high concentration of

CD28 antibody, which is not alone sufficient to

induce IL-2 production, addition of CD3 anti-

body resulted in dose-dependent increases of

IL-2 production that were identical in wild-

type and Homer2,3 DKO T cells (Fig. 4A).

Homer2,3 DKO T cells also showed enhanced

(versus wild-type) induction of other NFAT-

responsive genes to CD3 activation, including

IL-4 and interferon-g (Fig. 4B). Egr-1, which is

not NFAT-responsive (11), was not differentially

induced. IL-2 production and proliferation after

Tcell activation by antigen-presenting cells (APCs)

were similar in wild-type6.5 and Homer DKO6.5

T cells that express TCRs specific for the in-

fluenza hemagglutinin antigen (HA) (Fig. 4C

and fig. S9C); however, when CD28 signaling

was reduced by pretreatment with CTLA4–

immunoglobulin (Ig), Homer2,3 DKO T cells

showed a factor of 4 or greater increase in IL-2

production (Fig. 4D). To assay for in vivo ef-

fects of APC-dependent T cell activation, we

injected cells from Homer2,3 DKO6.5 and

control transgenic mice into host mice that

express the HA antigen on pulmonary epithe-

lial cells (12). Mice died more rapidly when

they received Homer2,3 DKO6.5 T cells than

when they received control T cells (Fig. 4E),

consistent with enhanced activation of Homer2,3

DKO T cells.

Thymocyte development appeared normal in

Homer2,3 DKO mice (fig. S10); however, the

percentage of CD62L–CD44high effector-memory

Tcells in 7- to 10-week-old mice increased by a

factor of 2 to 3.5 relative to age-matched wild-

type controls (Fig. 4F), suggesting an increase

of autoreactive T cells. Treg cells, which sup-

press T cell activation and are also dependent

on calcineurin-NFAT (13), were slightly in-

creased in Homer2,3 DKO mice (fig. S11). To

assess the long-term effects of Homer2,3 DKO,

we examined 14-month-old mice for evidence of

immune dysfunction. Homer2,3 DKO mice

differed from wild-type mice in having more

severe mononuclear infiltrative lesions in the

liver (5/5 mild-moderate versus 1/5 mild) (Fig.

4G) and in the lacrimal (Harderian) gland (3/5

moderate-severe versus 0/5) (Fig. 4H), which

showed evidence of tissue injury. These changes

are similar but less severe than those observed

in the Homer3 KO mice in mixed B6/129

background (fig. S1), which suggests that

genetic background can affect the phenotype.

Our results support a model in which Homer2

and Homer3 are negative regulators of NFAT-

dependent signaling in Tcells. NFATalso plays

a critical role in calcium-dependent signaling

in other cell types, including muscle (4) and

neurons (14, 15). Interestingly, a Drosophila

Homer2 homolog was recently identified in a

genome-wide RNA interference screen of S2

cells as a negative regulator of NFATactivation

(16). Our model anticipates that in the resting

state, Homer binds NFATc1/c2 together with

the Ca2+ release apparatus at the immune syn-

apse (fig. S12). In the condition of CD3 mono-

stimulation of T cells, active calcineurin must

compete with Homer2,3 for access to NFAT so

that only a fraction of NFAT is dephosphory-

lated and activated. Because calcineurin activ-

ity is required to dephosphorylate NFAT, even

in the absence of Homer2,3, calcineurin-NFAT

signaling is not altered in the basal state (figs. S13

and S14).When CD28 is coengaged, Homer2,3

dissociates from NFAT, leaving greater access

for calcineurin to dephosphorylate NFAT1c/2c.

We propose that AKT-dependent reversal of

Homer’s inhibitory function is one means by

which CD28 activation enhances IL-2 produc-

tion. Homer2 is rapidly up-regulated after T

cell activation (17) (fig. S15), which suggests

that the balance of CD3 and CD28 required

for activation may be dynamically regulated.

Although our analysis of Homer deficient

mice revealed a relatively modest phenotype,

further exploration using other models may

reveal more about Homer proteins in reg-

ulating T cell responses. In particular, the role of

Homer2,3 in establishment of anergy and re-

sponses to natural antigens will be important to

examine.
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The Frequency Dependence
of Osmo-Adaptation in
Saccharomyces cerevisiae
Jerome T. Mettetal,1 Dale Muzzey,1,2 Carlos Gómez-Uribe,1,3 Alexander van Oudenaarden1*

The propagation of information through signaling cascades spans a wide range of time scales,
including the rapid ligand-receptor interaction and the much slower response of downstream gene
expression. To determine which dynamic range dominates a response, we used periodic stimuli to
measure the frequency dependence of signal transduction in the osmo-adaptation pathway of
Saccharomyces cerevisiae. We applied system identification methods to infer a concise predictive
model. We found that the dynamics of the osmo-adaptation response are dominated by a fast-
acting negative feedback through the kinase Hog1 that does not require protein synthesis. After
large osmotic shocks, an additional, much slower, negative feedback through gene expression
allows cells to respond faster to future stimuli.

T
he mechanisms cells use to sense and re-

spond to environmental changes include

complicated systems of biochemical re-

actions that occur with rates spanning a wide

dynamic range. Reactions can be fast, such as

association and dissociation between a ligand and

its receptor (<1 s), or slow, such as protein syn-

thesis (>103 s). Although a systemmay comprise

hundreds of reactions, often only a few of them

dictate the system dynamics. Unfortunately, iden-

tification of the dominant processes is often dif-

ficult, and many models instead incorporate

knowledge of all reactions in the system.Although

occasionally successful (1–4), this exhaustive ap-

proach often suffers from missing information,

such as unknown interactions or parameters.

Here, we used systems-engineering tools to

study how oscillatory signals propagate through

a signal transduction cascade, which allowed

us to identify and to model concisely the in-

teractions that dominate system dynamics. The

cornerstone of this approach is to measure the

cascade output in response to input signals os-

cillating at a range of frequencies (5, 6). By

comparing the frequency response of the wild-

type network to that of mutants, the molecular

underpinnings of network dynamics can be de-

termined. Studies of neural and other phys-

iological systems have used systems theory (6),

and control theory has also been applied to

cellular networks (7–14).

We focused on the high-osmolarity glycerol

(HOG)mitogen-activated protein kinase (MAPK)

cascade in the budding yeast Saccharomyces

cerevisiae. This cascade forms a core module of

the hyperosmotic shock–response system and is

particularly well suited to frequency-response

analysis for several reasons. First, both the input

(extracellular osmolyte concentration) and output

(activity of the MAPK Hog1) of the network are

easily measured and manipulated. Second, the

molecular components of the network have been

well studied, which facilitates connecting dy-

namic models with molecular events. Finally, the

system contains multiple negative-feedback loops

that operate on different time scales (4, 15, 16). It

is still unclear which negative-feedback loop or

loops dominate the signaling dynamics and

whether the different feedback loops have dis-

tinct biological functions. We determined the

properties of themain negative-feedback loops in

the HOG network and arrived at a concise pre-

dictive model of the signaling dynamics. Fur-

thermore, by analyzing the system’s dynamics

over a range of osmotic-shock strengths, we

begin to understand how the multiple-feedback

architecture might be beneficial for osmotic ho-

meostasis in fluctuating environments.

After a hyperosmotic shock, membrane pro-

teins trigger a signal transduction cascade that

culminates in the activation of the MAPK Hog1,

which is primarily cytoplasmic before the osmo-

shock (17, 18). When activated, Hog1 accumu-

lates in the nucleus (Fig. 1A), where it activates a

broad transcriptional response to osmotic stress

(19). Constitutively active phosphatases dephos-

phorylate and deactivate Hog1, which leads to its

export from the nucleus. When osmotic balance

is restored, through changes either to the extra-

cellular environment or to the intracellular osmo-

lyte concentration, cascade activity ceases, and

the Hog1 nuclear enrichment decreases (Fig. 1A).

To estimate the amount of phosphorylated Hog1

in living cells, we simultaneously monitored the

cellular localization of Hog1-YFP, a yellow fluo-

rescent protein fused to Hog1, and Nrd1-RFP, a

red fluorescent protein fused to a strictly nuclear

protein. To quantify Hog1 nuclear localization,

we define the function, R(t) = (<YFP>nucleus/

<YFP>cell)population, as the ratio (averaged over

many cells) of mean YFP pixel intensities in

the nucleus and the whole cell [(Fig. 1A), red

circles].
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Fig. 1. Enrichment of Hog1 nuclear localization is driven by pulsed salt shocks. (A) Localization of the
fusion protein Hog1-YFP and the nuclear marker Nrd1-RFP by fluorescence microscopy. We applied and
removed NaCl (0.2 M) as shown by the blue line. The population average translocation response (red
circles) was defined by the ratio of average YFP fluorescence in the nucleus to the average whole-cell YFP
fluorescence. (B) Oscillations of Hog1-YFP translocation in a population of cells (red circles) in response to
square-wave oscillations in the input of extracellular NaCl (blue line).
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Cells were periodically shocked in a flow

chamber (fig. S1) in which a computer-actuated

valve supplied square-wave pulses of medium,

with and without 0.2 M NaCl [(Fig. 1B), blue

line]. Localization of fluorescent proteins was

concurrently imaged [(Fig. 1B), red circles]. Using

Fourier analysis (20), we approximated both the

input and output signals as sine waves oscillating

with a period T0 = 2p/w and quantified the output

signal by the magnitude of the amplitude (A) at

the driving frequency A(w) and the relative phase

shift f(w) (Fig. 2A) (21). We measured the re-

sponse of the system to square-wave stimuli with

periods ranging from T0 = 2 min to T0 = 128 min

(fig. S2). These responses were analyzed to ob-

tain so-called Bode plots (Fig. 2, B and C) (20),

representing the frequency-dependent amplitude

A(w) and phase f(w).

We used linear-systems theory to develop a

predictive model for the response to arbitrary os-

motic input signals u(t) (20). We fitted a gen-

eral second-order linear time–invariant (LTI)

model to the data in Fig. 2B and used the ex-

tracted parameters and a simple nonlinear

element (20, 22) to predict the response to a

step input of 0.2 M NaCl. The model accurate-

ly predicted both the response amplitude and

the time required to return to basal activity [(Fig.

2D), blue circles].

Because our model was not instructed by

knowledge of the underlying biology, we sought

to explore how it is similar to and different

from the canonical molecular model of the

hyperosmotic-shock response. Thus, we con-

verted our LTI model into a model that is more

readily interpreted in terms of biological pro-

cesses (20):

⋅
y = (A0u − x) − gy

⋅
x = a(A0u − x) + by

Thismodel contains two negative-feedback loops,

which act to reduce the difference, (A0u – x),

between the stimulus A0u and the internal-state

variable x. Fig. 3A shows a schematic of the

model, and Fig. 3B shows the canonical bio-

Fig. 2. Fourier analysis,
model fits, and model pre-
dictions of Hog1 nuclear
enrichment. (A) Illustration
of the input (NaCl concen-
tration, blue line), the net-
work response (Hog1-YFP
translocation, red circles),
and the sine wave (black line)
corresponding to the Fourier
component of the response
at the driving frequency w.
This Fourier component is
described by three parame-
ters: A(w) (green) represent-
ing the amplitude of the
oscillations, f(w) (brown) rep-
resenting the phase delay
between the input and the
response oscillations, and y0
(w) representing the signal
offset. (B) Measurement of
the Fourier amplitude A(w)
(green dots) over a range of
driving frequencies along
with model fit (green line).
(C) Phase of the response
measured relative to the driv-
ing signal (brown dots) along
with model prediction of the phase (brown line). (D) Response of the system to a step increase of 0.2 M
NaCl compared with the step response predicted by the model. The “low Pbs2” data (boxes) are gathered
from the Pbs2 underexpressing mutant strain and were used to generate the model fit [gray line in (B)]
and model predictions [gray lines in (C) and (D)].
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inducement of osmotic stress, cells increase or decrease their export rate of glycerol through the
transmembrane protein Fps1, which is modified by Hog1-independent and Hog1-dependent mechanisms.
In addition, under high osmotic stresses, active nuclear Hog1 is known to modify the expression of
glycerol-producing proteins over longer time scales. DP represents the difference between internal and
external pressure relative to its optimal value.
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chemical mechanisms that regulate the osmotic-

shock response. Because of the high degree of

correspondence between our derived model and

the extensive Hog1 literature, we interpret the

state variable, x, as the intracellular osmolyte

concentration and y as enrichment of phosphoryl-

ated Hog1 above its baseline level. Thus, inter-

preted in biological terms, ourmodel predicts that

one feedback pathway depends onHog1-induced

glycerol accumulation (i.e., by changes x through

the activity of the observable y), whereas a

second glycerol-accumulating pathway is Hog1-

independent [i.e., a(A0u – x) changes x indepen-

dently of y].

To gauge the relative strength of the two

feedbacks, we applied the same Fourier tech-

nique to a mutant strain expressing a reduced

amount of Pbs2, theMAPK kinase that phospho-

rylates Hog1 (Fig. 3B). Because Hog1 is not acti-

vated as highly after a hyperosmotic shock in this

strain, we can effectively isolate Hog1-dependent

feedback from Hog1-independent feedback

by comparing the response dynamics (fig. S4)

to those of the wild-type strain. Bode plots for

this strain were different from those of the wild-

type strain (Fig. 2, B and C). Matching the LTI

model to the A(w) data alone yielded a good fit

[(Fig. 2B), black squares], as well as an ac-

curate prediction for the f(w) data [(Fig. 2C),

black squares] and the step response [(Fig.

2D), boxes]. The latter prediction [(Fig. 2D),

gray line] reproduced both the reduced max-

imum response and the slower response dy-

namics observed in this strain. This suggests

that the Hog1-dependent feedback loop plays a

major role in rapidly regulating the osmotic-

shock response (20).

We compared our model with known bio-

logical details of the hyperosmotic-shock re-

sponse (4, 15, 16). Yeast regulate their intracellular

osmolyte concentration through two parallel

mechanisms. In a Hog1-independent manner, the

membrane protein Fps1 quickly (<2 min) re-

sponds by decreasing the glycerol-export rate

(23, 24), thereby leading to glycerol retention.

Further, active Hog1 increases expression of the

glycerol-producing proteinsGpd1 andGpp2. This

raises the intracellular glycerol level over longer

time scales (>30 min) (25).

Although the topology of our derived model

corresponds closely to that of the known biolog-

ical system (Fig. 3, A and B), dynamic differ-

ences suggest that the current view of theMAPK’s

role in osmotic regulation is incomplete. Cells

begin to recover from the NaCl pulse within 5min

and are finished responding within 15 min. Both

of these time scales are faster than required for

gene expression, which is typically greater than

15 min (4). This suggests that both feedback

loops in our model control the rapid accumula-

tion of glycerol, consistent with previous reports

(23, 24, 26).

Our model suggests that gene expression

plays a minimal role in the hyperosmotic-shock

response, yet the expression of hundreds of genes

changes in response to hyperosmotic shock. We

hypothesized that gene expression may be more

important as a longer–time scale feedback in

this system, so we looked for pulse-to-pulse

variability in the response of cells stimulated

with periodic pulses of NaCl (fig. S5). Cells

were shocked either in the absence (Fig. 4, A to

D) or presence (Fig. 4, E to H) of cyclohexi-

mide, a small molecule that inhibits protein

synthesis. As predicted by the initial data, cells

responded very similarly to an initial pulse of

osmolyte regardless of their ability to synthe-

size new proteins (Fig. 4, black lines). Never-

theless, we found that cells stimulated multiple

times recovered from each subsequent pulse

faster in the absence of cycloheximide and slower

in its presence, revealing a longer–time scale

component absent from our earlier data. These

results suggest that nontranscriptional feedback

mediates short–time scale osmolyte accumula-

tion (4, 16, 26, 27), whereas gene expression

plays a role in osmolyte production only on

longer time scales and for more intense shocks.

Accordingly, we found that stronger shocks cause

cells to increase their rate of glycerol production

(fig. S6) in a manner that depends on gene ex-

pression, which permits faster recovery to sub-

sequent fluctuations (28).

These results demonstrate the promise of

applying engineering principles to cellular

networks, particularly when predicting the

response of the system to dynamic stimuli. In

more complex systems, measuring the activity

level of all relevant state-space variables could

help with determining the effective network

structure.
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Executive Director, UNAIDS, and Under Secretary-
General of the United Nations

Timothy Wirth, Ph.D.
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Developing World

• Access to Medicines: Fostering Unique
Collaborations, Overcoming Challenges
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We Afford the Future?
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New Products Focus: Cell/Tissue Culture
Stem Cell Characterization
The TF Chip Stem Cell Kit enables the user to profile the status of a stem

cell culture by 12 specific transcription factors in one assay. Double-

stranded DNA containing the transcription factor’s specific binding

sequence is spotted onto a coated glass surface. Mutated sequences

serve as negative binding controls. The array is incubated with a nuclear

protein extract, and transcription factor proteins are monitored with

antibodies specific for their activated status. Detection can be done

with Silverquant technology or with fluorescence. The kit enables the

analysis of the status of a stem cell culture in just one experiment in a

convenient and simple workflow. It can be used for human, mouse, or

rat samples.

Live Cell Imaging
The BioFlux 200 is a second-generation system that features advanced

capabilities and higher throughput for live-cell imaging applications such

as cell adhesion and microbial biofilm studies. Because it incorporates a

proprietary microfluidic design, it can deliver an automated, reproducible

system for studying live cells and biofilms under controlled-shear

conditions, simulating in vivo physiological conditions more closely than

other approaches. The BioFlux 200 delivers up to a 50-fold increase in

throughput over methods that are performed one at a time. It can produce

50 to 100 data points from cell adhesion assays in just 30 minutes. It runs

Fluxion Biosciences’ 24-well and 48-well disposable microtiter plates.

Each Bio-Plate is supplied sterilized with all the fluidics integrated to

the bottom of the well plate, which eliminates several time-consuming

washing and sterilizing steps commonly associated with flow-cell devices.

The BioFlux includes software to easily automate experimental setup.

Fluxion Biosciences

For information 415-514-9696

www.fluxionbio.com

Three-Dimensional Cell-Based Assay
The Extracel Sponge-96 is designed to make cell-based assays more in

vivo–like because each well of a 96-well plate contains a biocompatible

sponge for high-density, three-dimensional cell growth. The Extracel

Sponge-96 provides a consistent platform that has a defined chemical

composition and pore size that permits excellent nutrient delivery. It is

suitable for use in many fields, including toxicology, drug development,

tissueengineering,cancerresearch,anddevelopmentandmorphogenesis

research.

Glycosan BioSystems

For information 801-583-8212

www.glycosan.com

Feed Strategy Optimization
The CHO (Chinese hamster ovary) CD EfficientFeed Kit for rapidly

identifying the optimum feed regimen for any fed-batch CHO-based cell

culture can improve productivity and help with developing bioreactor feed

stocks. The CHO CD Efficient–Feed Kit comes with two feed supplements

and a detailed manual to guide the user through decisions relating to

chemical or physical compatibility, the right feeds to use in shake flasks

and benchtop bioreactors, and when additional help from Invitrogen PD-

Direct’s expert bioprocess team might be appropriate. CHO CD Efficient

Feed A and B promote either higher protein yields or cell growth kinetics,

making maximum protein amounts and more cells for seeding bioreactors

available in a shorter time.

Invitrogen

For information 716-774-6860

www.invitrogen.com/bioproduction

Newly offered instrumentation, apparatus, and laboratory materials of

interest to researchers in all disciplines in academic, industrial, and gov-

ernmental organizations are featured in this space. Emphasis is given to

purpose, chief characteristics, and availabilty 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 manufac-

turer or supplier.

Electronically submit your new product description or product literature

information! Go to www.sciencemag.org/products/newproducts.dtl for

more information.

Polycarbonate Cell Culture Inserts
NUNC cell culture inserts, now available with polycarbonate membranes,

are suitable for cell interaction and cultivation studies in areas such

as tissue engineering, cocultivation, invasion, chemotaxis, and

transport without the need for preparation with matrix coating. The

new polycarbonate membranes are easily removed from the multiwell,

multidish design and are suitable for sectioning for transmission electron

microscopy when using a glass knife. The polycarbonate membranes’

larger pore sizes are particularly helpful for invasion and chemotaxis

studies. The inserts with polycarbonate membranes are available in

four sizes, in either a 24-well, 12-well, or 6-well multidish configuration,

with three different pore sizes: 0.4 μ, 3 μ, and 8 μ. The inserts are

endotoxin free and surface treated for optimal cell attachment, and have

been shown to support a wide range of cell lines in independent trials.

Thermo Fisher Scientific

For information 508-742-5254

www.nuncbrand.com

Cell Migration Assay
The Oris Cell Migration Assay—Collagen Coated offers the same level of

reproducibility, sensitivity, and flexibility as the original Oris Cell Migration

Assay. The collagen coating enables researchers to perform cell migration

studies on cell lines that depend on an extracellular matrix for motility.

Like the original assay, the new version permits kinetic and endpoint

studies, multiple approaches to cell labeling, and morphological analysis

of cells. It runs on readily available lab equipment and is available in a

convenient, 96-well plate format. Cell migration is critical to a variety of

bodily processes, including tumor cell metastasis, wound healing, new

blood vessel development, and tissue regeneration.

Platypus Technologies

For information 608-237-1270

www.platypustech.com/oriscollagen.html

Eppendorf

For information +49 40 53 8010

www.eppendorf.com

New Products Focus: Cell/Tissue Culture
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FACULTY POSITIONS

CHAIR
Department of Pharmaceutical Sciences

Western University of Health Sciences College of
Pharmacy invites applications for the position of Chair,
Department of Pharmaceutical Sciences.

Western University, website: http://www.westernu.
edu, is a vibrant and growing graduate health pro-
fessions university with Programs in Allied Health,
Graduate Nursing, Osteopathic Medicine, Pharmacy,
and Veterinary Medicine. New Programs in Dentis-
try, Optometry, Podiatry, and Graduate College of
Biomedical Sciences will be added by fall 2009.

The University_s core values promote the disci-
pline of learning and the art of caring in an envi-
ronment that supports excellence in its faculty, staff,
and students.

Western University seeks applicants of distinguished
academic and administrative accomplishments who
possess a passion for excellence and can illustrate a
proven record of achievement.

Candidates must possess an earned Ph.D. in phar-
maceutical sciences, pharmacology, medicinal chem-
istry, or related discipline. A minimum of eight years
of experience in academia with demonstrated lead-
ership and management skills in both graduate and
professional education is required. Consistent with
the College_s research mission, candidates must have
a strong record of scholarship with history of NIH
or other extramural competitive grant funding.

Applicants must be eligible for appointment as a
tenured ASSOCIATE or FULL PROFESSOR.
Salary and rank will be commensurate with qualifi-
cations and experience.

Responsibilities include the coordination and man-
agement of all activities related to the Department,
the provision of guidance and mentorship to De-
partment faculty, and the establishment of depart-
mental goals in the areas of teaching, scholarship,
and service. The Chair is a vital member of the
College_s leadership team who will participate in
setting College goals and the measurement of unit
outcomes.

The review of applications will begin immediately
and continue until the position is filled. Interested
applicants should: (1) submit a letter of intent in-
cluding leadership and research accomplishments, (2)
submit their curriculum vitae, and (3) arrange to have
three letters of recommendation sent to the Search
Committee Chair. Electronic submission of all appro-
priate materials is preferred and encouraged.

Send application material to: Stephen A. O_Barr,
Ph.D., Chair, Search Committee, Western Uni-
versity of Health Sciences, College of Pharmacy,
309 E. Second Street, Pomona, CA 91766. Tele-
phone: 909-469-5643; fax: 909-469-5600; e-mail:
sobarr@westernu.edu. College website: http://
www.westernu.edu/pharmacy.

Western University of Health Sciences is an Equal Oppor-
tunity/Affirmative Action Employer and actively seeks appli-
cations from women and minorities.

TENURE-TRACK ANATOMY
FACULTY POSITION

University of Wisconsin, Madison

A tenure-track faculty position (rank open) is avail-
able in the Department of Comparative Biosci-
ences, School of Veterinary Medicine. Qualifications
include Ph.D., postdoctoral experience, commitment
to excellent teaching, and demonstrated potential to
develop an outstanding, extramurally funded research
program that complements existing departmental
strengths. Teaching responsibilities include participa-
tion in veterinary anatomy instruction. To apply, send
curriculum vitae, brief statements of research interests
and teaching philosophy, and three letters of refer-
ence to: Gordon S. Mitchell, Chair, Department
of Comparative Biosciences, University of Wis-
consin, 2015 Linden Drive, Madison, WI 53706.
Apply by March 1, 2008. For additional informa-
tion, see website: http://www.vetmed.wisc.edu/
jobs.html. Equal Opportunity/Affirmative Action Employer.

FACULTY POSITIONS

HEAD, DEPARTMENT of GENETICS
North Carolina State University Raleigh, North

Carolina

The Department of Genetics at North Carolina
State University invites nominations and applications
for the position of Department Head. We seek an
individual with outstanding leadership capabilities,
proven academic and administrative experience, the
vision to build and sustain programs at the forefront
of genetics research, and a commitment to excel-
lence. Candidates will be expected to maintain an
externally funded, high-impact research program.
The position announcement can be viewed in its
entirety on the Department of Genetics website:
http://www.cals.ncsu.edu/genetics/.

Applicants should submit a letter of interest,
curriculum vitae, statement of philosophy/vision as
a Department Head to include research and teaching
functions, and three to five representative publica-
tions electronically to website: http://ncsu.edu/
jobs/.

Position number 01-64-0714. Nominations and
questions concerning this position should be sent to:
Damian Shea, Chair, Genetics Head Search
Committee, Department of Zoology, Campus
Box 7617, North Carolina State University,
Raleigh, NC 27695-7617, or via e-mail:
d_shea@ncsu.edu. Review of applications will begin
15 February 2008, and continue until the position is
filled. Affirmative Action/Equal Opportunity Employer.
North Carolina State University welcomes all persons without
regard to sexual orientation.

MOLECULAR DEVELOPMENTAL
GENETICIST

VISITING ASSISTANT PROFESSOR

The Department of Biology, Hamilton College,
invites applications for a two-year visiting Assistant
Professorship, effective July 1, 2008. Ph.D. and teach-
ing experience expected. The successful applicant
will supervise senior thesis research, and teach: (1)
genetics, (2) biochemistry, and additional lecture/
laboratory course of the candidate_s choosing, or an
upper-level seminar and nonmajors course, as com-
plements the Department_s offerings. Support is
available for research and conference travel. Send
curriculum vitae, a statement about teaching, and
names of three references to: Herman K. Lehman,
Chair, Department of Biology, Hamilton College,
198 College Hill Road, Clinton, NY 13323-
1292. Review of application materials will begin
February 1, 2008, and continue until the position is
filled. Women and members of minority groups are encouraged
to apply. Hamilton College is an Affirmative Action, Equal
Opportunity Employer and is committed to diversity in all
areas of the campus community.

NATIONAL UNIVERSITY of SINGAPORE
Department of Chemical and Biomolecular

Engineering

The Department of Chemical and Biomolecular
Engineering at National University of Singapore
invites applications for tenure-track faculty positions
at all levels. The Department is one of the largest
internationally with excellent in-house infrastructure
for experimental and computational research. A
Ph.D. in chemical engineering or related areas and
a strong research record with excellent publications
are required. Please refer to website: http://www.
chbe.nus.edu.sg/ for more information on the
areas of interest and for application details. Appli-
cants should send full curriculum vitae (including
key publications), a detailed research plan, a state-
ment of teaching interest, and a list of names of at
least three references to: Professor Raj Rajagopalan,
Head of Department (attention: Ms. Nancy Chia,
e-mail: nancychia@nus.edu.sg).

HEAD, DEPARTMENT of GENETICS
North Carolina State University

Raleigh, North Carolina

The Department of Genetics at North
Carolina State University invites nominations
and applications for the position of Department
Head. We seek an individual with outstanding
leadership capabilities, proven academic and
administrative experience, the vision to build
and sustain programs at the forefront of genet-
ics research, and a commitment to excellence.
Candidates will be expected to maintain an ex-
ternally funded, high-impact research program.
The position announcement can be viewed in
its entirety on the Department of Genetics
website: http://www.cals.ncsu.edu/genetics/.

Applicants should submit a letter of inter-
est, curriculum vitae, statement of philosophy/
vision as a Department Head to include re-
search and teaching functions, and three to
five representative publications electronically to
website: http://ncsu.edu/jobs/.

Position number 01-64-0714. Nominations
and questions concerning this position should
be sent to:Damian Shea, Chair, Genetics Head
Search Committee, Department of Zoology,
Campus Box 7617, North Carolina State
University, Raleigh, NC 27695-7617, or via
e-mail: d_shea@ncsu.edu. Review of applica-
tions will begin 15 February 2008, and conti-
nue until the position is filled. Affirmative Action/
Equal Opportunity Employer. North Carolina State
University welcomes all persons without regard to sexual
orientation.
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Seeking the Skills for a

Successful Career in Academia
To many on the outside, life as a tenured faculty member conjures up images of dreamy

afternoons spent theorizing at one’s desk, interspersed with occasional trips to the lab to

hold up test tubes to the light. Of course, anyone who’s been to grad school for more than

a week knows there’s more to scientific endeavor than that. In fact, a faculty member’s

requisite skill set is quite extensive. By Emma Hitt

T
enure-track faculty members must not only think well, but they must also write

well, speak well, and interact with people well. They should have a keen business

sense and be adept in managing budgets, projects, and people. Paradoxically, they

must be fiercely independent, yet able to collaborate well with others. They must

be confident enough to know when they’ve found a scientific truth, but humble enough to

admit when they are wrong. They should be kind enough to mentor younger scientists, but

stingy enough with their time to be able to manage it well. In addition, faculty members

must have a driving passion toward their research and be willing to devote a Herculean

effort over many years. Despite these stringent requirements, many can and do succeed

in academia. The key, it seems, is making a conscientious effort to develop the necessary

skills early on. In this article, people who have achieved high levels of success in academia

provide specific, practical advice to others who would follow in their path.

Passion—Fuel That Fans Flames of Success
One resounding theme from successful faculty members is that one has to have passion.

This is something that cannot be feigned, learned, or coerced—it either exists or it does

not. “There has to be an inherent interest, whether it is derived from a crystalizing experi-

ence such as a parent dying of cancer, or from a value system that has developed within a

person,” says Mary Delong, director, Office of Postdoctoral Education at Emory University,

which oversees career development for nearly 500 postdoctoral fellows. In addition to

cultivating a passion for one’s work, Delong also mentions that during the postdoc years,

developing a track record of performance through publishing papers and fully researching

opportunities in the field are probably the most important steps. “But passion is what will

carry a postdoc through the challenges,” she says.

Joseph Coyle, with Harvard Medical School, who has studied schizophrenia and other

neurological disorders for more than 40 years, was drawn into his career path early on.

“I’d say for most of my life I never saw myself as going to work, I saw myself as going to

do something I totally enjoy,” he says. “If it’s drudgery, you ought not do it. But if research

isn’t your passion, then a Ph.D. can afford many different opportunities, such as patent

law and science writing. You don’t have to feel trapped.”

Standing upon the Shoulders of Giants
A large proportion of Ph.D.s in the sciences go on to seek a postdoc position—about

77 percent of Ph.D.s in the biological sciences and 61 percent in the physical sciences,

according to a 2006 National Science Foundation report. One of the first steps in graduate

school and beyond is to seek out mentors who will provide guidance but who will also foster

independence, says Nancy Schwartz, who conducts research on proteoglycan synthesis

at the University of Chicago. Schwartz states that, for better or worse, she was forced into

thinking independently early on during her career because of the intermittent absences of

her thesis and postdoctoral advisers. She doesn’t recommend that as a situation to seek

out, “but really, it is each individual’s responsibility to garner what they think they need

from many other colleagues and mentors, throughout their career.”

Story Landis, director of the US National Institute of Neurological Disorders and Stroke

(NINDS), who was in academic research for many years, also recommends

Faculty Positions
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Dennis Liotta, whose lab at Emory identified the HIV drug

emtricitabine, advises postdocs and junior faculty to find some

colleagues that they respect, and make it their business to develop

a genuine and collegial relationship with them. “These relationships

should also extend out of the university and into other labs and

institutions to provide a fresh perspective,” he says.

Winning at the Lab Business
An important transition period is moving from being a postdoc to

starting one’s own lab, which presents a set of novel challenges.

Mobley suggests that people signing up for an assistant professorship

seek a position where the salary and necessary startup equipment

costs are covered for at least a full three years. “If they can’t offer

you that, then they don’t want you enough, and that’s not the place

to go,” he notes.

Regarding salary, according to a 2006-07 survey by the American

Association of University Professors, salaries for full-time faculty

averaged $73,207. By rank, the average was $98,974 for professors,

$69,911 for associate professors, $58,662 for assistant professors,

$42,609 for instructors, and $48,289 for lecturers, although these

figures are not specific for the sciences.

Managing a lab is really managing a small business and these are

skills that, for the most part, are not taught in graduate school or dur-

ing a postdoctoral position, Schwartz says. “You’re managing people

and budgets, and you’re seeking funding, and then you’re responsible

for how those funds are spent.” She recommends taking at least a

few days to learn about budgeting, and mapping out a projected bud-

get of what everything is going to cost. “Some of our junior faculty

are totally astounded when they see how fast grant or startup money

goes because they have not really considered the costs,” she says.

When it comes to managing people, lab tech and postdoc under-

lings are going to look to the leader of the lab, i.e., the new junior

faculty member, to set the standard for that lab. “Whatever time in

the lab that you set for yourself, that will tend to be the standard,”

says Liotta. “So, if you want people to work evenings and weekends,

then you will have to show up then also. Good students will often

show up regardless, but that extra motivation of having their boss

there is helpful.”

It’s also important to seek out the kind of staff, such as students

and postdocs, that will meet expectations, Schwartz advises. “You

have to be explicit about your expectations; if you plan on working

15 hours a day in the beginning, then you want a lab staff that will be

willing to match that lifestyle.” You also have to learn to let go and let

people make mistakes, “otherwise, you’re not going to allow people

to become independent thinkers and doers. They’re going to develop

more of a ‘technician’ mentality.”

Creative Funding Strategies
A primary stressor that affects even seasoned faculty is funding.

Coyle points out that when NIH funding is more difficult to obtain, as

it is now, the most creative science, or science from younger faculty,

may sometimes be passed over in favor of the less risky, or the tried

and true.

However, Landis notes that the NIH has committed to fund as many

first time R01 applicants in 2007 and again in 2008 as the average of

the past five years. “NINDS funded R01s to the 25th percentile while

experienced investigators were guaranteed funding

being assertive about seeking out opportunities for oneself. “Early

on in my career, senior people often gave me the opportunity to

write reviews or to speak at meetings, and this really helped develop

my skills.”

However, both Schwartz and Landis point out that one has to

be careful about taking on too many administrative duties that

would interfere with lab and teaching duties—this, they say, is

especially important for women and minorities to remember, since

they are frequently unrepresented on panels and often asked to

participate in this way.

William Mobley at Stanford University suggests avoiding

administrative responsibilities when possible, “except those you

think would be fun to do and that would directly benefit your career

and your science, such as participating in grant reviews—there will

be more time to focus on these types of responsibilities later on,”

he says.

No Man (or Woman) Is an Island
Another key component of a successful academic career is the

ability to establish collaborations with other researchers and

learning to depend on the help of others. This, of course, can be

especially challenging for young scientists who, in the crucible that

is graduate school, slowly come to achieve academic independence.

Mobley, however, advises postdocs and junior faculty to seek out

collaborations. “Science is too dangerous to do alone—too daunting,

too lonely, and too huge,” he says.

“As you transition from being a postdoc to having your own lab,

you start to rely on other people and their efforts more and more,”

notes Richard Bucala, a researcher in rheumatology at Yale. “One

should never be afraid about hiring or collaborating with somebody

who is smarter. I think that’s the only way that one can really advance

and grow.”

continued »

Tenure-Track
According to the Howard Hughes Medical Institute, a tenure-track

position is one that leads to a permanent professorial appointment

and potentially full salary support if grant funding runs out. A faculty

member can be fired only for limited reasons, such as gross misconduct.

In general, a tenure-track faculty member will hold a position for about

five years before a formal decision is made on whether tenure will

be granted.

In 2003, among science and engineering doctoral degree holders who

received their degrees within the past four to six years, approximately

20 percent were in tenure-track or tenured positions at four-year

institutions of higher education, according to a National Science

Foundation report. The percentage rates for individuals in various

degree fields are as follows: Engineering 16.3; Life Sciences 18.0;

Physical Sciences 16.7; Social Sciences 30.8.

“Science is too dangerous to

do alone—too daunting, too

lonely, and too huge.”

—William Mobley

http://www.sciencecareers.org/businessfeatures
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Faculty Positions

if they got a 9th percentile, and overall we funded 15 percent of

research project grants,” she noted.

Coyle suggests seeking out alternate funding sources such as

various foundations or nonprofits. “There is a lot more foundation

money out there than there was when I started out,” he says. “I

think even basic science, even someone who’s going to be doing

basic biological research should think about the potential clinical

applications and should look for opportunities to get support from

relevant foundations that are interested in the clinical aspects of

the research.”

Bucala also advises young faculty to think outside the box when

it comes to defining their research. “One has to be opportunistic.

If one is really, for instance, captivated by the biochemistry of

protein kinases, you don’t necessarily have to work on kinases in

oncogenesis. You can work on them as they relate to learning and

memory or host defense mechanisms. You can’t let yourself be

constrained necessarily by a particular application,” he says.

However, Liotta advises staying away from a “brute force

approach” to getting funded. “The most important aspect for

getting funding is putting together a well-thought-out proposal,” he

says. Liotta also suggests waiting to get results that are sufficiently

compelling and provocative, and are likely to get the attention of

EmmaHitt is a freelancemedical and sciencewriter living inMarietta,
Georgia.

the study section. “If they see a mediocre proposal from you several

times, then they’re going to associate you with mediocre science.”

Teaching the Teacher
Teaching represents yet another obligation of a junior faculty member,

and that teaching has to be balanced with research, lab management,

and administrative duties. According to Mobley, it’s important to

understand from others what the best teaching styles are. “Try to

convey your information as clearly and as simply as possible but

engage your students—get students to help themselves learn, and

give them opportunities to speak to you.”

“Teaching and research are intimately intertwined,” says Liotta.

“If you’re a good researcher and you don’t know how to communicate

thoseresults,you’renotgoingtobeveryeffective.”Liottarecommends

using a camcorder to tape a few teaching sessions to identify and

try to eliminate any idiosyncrasies. “Many people have habits that

they don’t realize and they’re probably relatively easy to correct.” He

also points out that good notes and preparation can go a long way in

producing a well-organized lecture in the beginning.

Playing Politics
The word “politics” carries many meanings, but in science, if politics

means forming collaborations and generally getting along with

people, then it plays a valuable role in advancing a career. But such

politics cannot substitute for good science. “I certainly know some

people who just spend their whole day on the telephone talking to

everybody and finding out what everybody else is doing,” Schwartz

says. “It’s far better to focus on doing, not just talking, science.”

“In academic circles, good science, not politics, always wins,”

says Mobley. “Playing politics is potentially damaging. Focus on your

scientific teaching, avoid politics in any way—only people who can’t

do science play that game,” he adds.

Coyle agrees. “I’ve not been impressed that playing politics is

the way to get ahead. I am impressed that if you really focus on

your science, especially in the beginning of your career, and be very

defensive about preserving your time to do your science, then that’s

probably the most important way of getting ahead academically,”

he says.

Love of Learning
While there may seem to be an overwhelming array of skills to master

for tenure-track doctors of philosophy, “philosophy” does in fact mean

“love of wisdom.” And if there’s one single defining characteristic

among academics, it may be just that. Schwartz, therefore, advises

approaching the mastery of these tasks as a lifelong learner, which

makes it all more palatable.

“If you think about the job of a university faculty member, we’re in

a unique position,” says Liotta. “We can do whatever kind of research

we want to do and have the opportunity to work with bright young

people year after year. We can go out and talk about our work with

colleagues at meetings; we tend to have fairly flexible schedules

so we can do a lot of interesting things, and you know—that’s a

fantastic job.”

DOI: 10.1126/science.opms.r0800046
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TWO NEW FACULTY POSITIONS

METABOLIC

REGULATION/DIABETES

The Pioneer Valley Life Sciences
Institute (www.PVLSI.org) is
seeking a new Faculty member
(rank open)who studies metabolic
regulation and/or diabetes to join a
collaborative research program of
basic and clinical researchers.

APOPTOSIS

The Pioneer Valley Life Sciences
Institute (www.PVLSI.org) and
the new Center of Excellence in
Apoptosis Research are seeking a
newFacultymember (rank open)
who studies apoptosis with a focus
on either disease or the develop-
ment of new technologies.

We welcome a variety of experimental approaches including: physiology,
genetics and molecular biology. Expertise in mitochondria, cell death or
thermoregulation particularly welcomed.

Successful candidates will have anM.D. and/or Ph.D., post-doctoral experi-
ence, and depending on rank, a record of developing and maintaining an
extramurally funded research program. Practicing physicians are encouraged
to apply and can seek a clinical appointment in the appropriate department
at the Baystate Medical Center, the western campus of Tufts University
School of Medicine.

The PVLSI is an independent non-profit research organization that is jointly
operated by the Baystate Medical Center (www.Baystatehealth.com) and
the University of Massachusetts Amherst (www.UMass.edu). Researchers
will have the opportunity to work closely with physicians and basic scientists
in a newly built and well-equipped facility. Applicants should submit CV,
statement of research plans, and three letters of reference to:Dr. Lawrence
Schwartz, PVLSI, 3601Main Street Springfield,MA01199 or via e-mail
to Lawrence.Schwartz@bhs.org (PDF format preferred).

The PVLSI is an Equal Opportunity/Affirmative Action Employer.

Location/Department: Department of Physiology &
Pharmacology

FLSA Status: Exempt

Compensation: $80,000 - $90,000

College Web Site: www.ccny.cuny.edu

Notice Number: FY - 13459

Closing Date: Open until filled.

POSITION DESCRIPTION AND DUTIES

The CUNY Medical School seeks an Assistant/Associate Medical Professor in Pharmacology
in the Department of Physiology and Pharmacology. Applicants should be qualified to
teach basic principles of Pharmacology to medical students.

QUALIFICATION REQUIREMENTS

Ph.D. and/or M.D. with two (2) years of postdoctoral work in any area of Pharmacology.
Candidates must have demonstrated a strong record of scholarly research and
publications in Pharmacology. Preference will be given to candidates with funded research
programs who employ cellular, molecular, biochemical or behavioral research
approaches.

The City College of New York has a strong institutional commitment to the principle of
diversity. In that spirit, we are particularly interested in receiving applications from a broad
spectrum of individuals, including women and under-represented groups. Upon request,
reasonable accommodations provided for individuals with disabilities.

All candidates must provide documentation to prove employment eligibility in compliance
with IRCA.

TO APPLY

Please submit a current curriculum vitae, statement of research plan and names and
contact information of three(3) references to: The Pharmacology Search Committee
PVN # FY - 13459, Department of Physiology & Pharmacology, The CUNY Medical
School/Sophie Davis of Biomedical Education, The City College of New York, 160
Convent Avenue, HR 203, New York, NY 10031.

ASSISTANT/ASSOCIATE MEDICAL PROFESSOR IN PHARMACOLOGY

The City University of New York is an Equal Employment
Opportunity/Affirmative Action/Immigration Reform

and Control Act/Americans with Disabilities Act Employer

Mayo Clinic College of Medicine
Faculty Position in

Cancer Pharmacology

Under the auspices of the Minnesota Partner-
ship for Biotechnology and Medical Genom-
ics, the Division of Oncology Research and
Department of Molecular Pharmacology and
Experimental Therapeutics seek an outstand-
ing, extramurally funded investigator in the
area of cancer pharmacology. Applications
at the level of Associate Professor or Pro-
fessor are especially welcome. Individuals
with expertise in proliferative signaling,
cell cycle checkpoints, DNA repair, cancer
pharmacogenomics and/or rational drug
design are particularly encouraged to apply.
Research in the Division is described at http:
//mayoresearch.mayo.edu/mayo/research/

developmental_therapeutics/.

A curriculum vitae, selected publications,
and a statement of research interests,
should be submitted to: Deb Strauss
(strauss.debra@mayo.edu) or to Scott

Kaufmann, M.D., Ph.D., Guggenheim

1301, Mayo Clinic, Rochester, MN 55905

by April 30, 2008.

The Mayo Clinic College of Medicine is an
Equal Opportunity Educator and Employer.

CHAIR
Pharmaceutical Sciences

University of Oklahoma College of Pharmacy

The University Of Oklahoma College Of Pharmacy invites applications and nominations for the position
of Chair, Pharmaceutical Sciences.

The College of Pharmacy is locatedwithin the University of OklahomaHealth Sciences Center (OUHSC),
a 325-acre comprehensive academic health center, recently noted for having one of the best academic
institution work environments in the country by The Scientist (Nov, 2007). The Department of Phar-
maceutical Sciences comprises the disciplines of pharmacology/toxicology, pharmaceutics, medicinal
chemistry, immunology/infectious diseases, and nuclear pharmacy.At this time the department is under-
going a major expansion.

Departmental faculty members contribute to the Pharm.D., Ph.D. and Pharm.D./M.S. degree programs.
Applicants must have a Ph.D. or equivalent degree and must demonstrate strong evidence of academic
leadership and peer recognition as an accomplished researcher. The successful candidate is expected to
have a strong track record of significant extramural research funding or industrial productivity. In addition,
the candidate would have a strong commitment to professional and graduate education and the ability to
recruit and develop outstanding faculty.

TheHealth Sciences Center has targeted growth in four broad areas: cancer, diabetes, neuroscience/vision,
and immunology/infectious disease. The incoming Chair will have the opportunity to collaborate in those
programs. The position provides open faculty lines, appropriate laboratory space, and an expanding gradu-
ate program. The successful applicant may also be eligible to receive one of several Endowed Professor-
ships. Further information on the College of Pharmacy is available at: http://pharmacy.ouhsc.edu/.

OUHSC is situated in the capital city of Oklahoma City; an area experiencing economic growth and
undergoing extensive revitalization. Oklahoma City is one of the most economically and geographically
attractive major metropolitan areas in which to live.

Review of applicationswill beginMarch 1, 2008 and continue until the position is filled. Candidates should
send a letter describing research interests, administrative and educational philosophies and long-term goals,
a curriculum vitae and the names, addresses (postal and email), phone and fax numbers of at least three
professional references to:Kevin Rinaldi, Attn: Pharmaceutical Sciences Chair Search Committee,
College of Pharmacy, University of Oklahoma Health Sciences Center, PO Box 26901, Oklahoma

City, OK 73126-0901; Phone: 405-271-6484, ext. 47291; E-mail: kevin-rinaldi@ouhsc.edu.

The University of Oklahoma Health Sciences Center is an
Equal Opportunity/ Affirmative Action Employer.
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DIRECTOR

Regional Biocontainment Laboratory

The UMDNJ-New Jersey Medical School invites applications for

the position of Director of the new Regional Biocontainment

Laboratory (RBL). The position will be supported by substantial

institutional resources including outstanding laboratory facilities

within the newly constructed 35,000 sq. ft RBL, which is

scheduled to open in Spring 2008. We seek a senior scientist with

a strong record of research accomplishments working with

category A-C biodefense and/or emerging infectious disease

pathogens. The Director is expected to establish a robust core

research program and recruit investigators capable of attracting

NIH funding. Successful candidate will also play a pivotal role in

expanding strategic research and translational partnerships with

academia, biotech and pharma. This is an exciting opportunity

to join a growing and highly interactive infectious diseases

research network in Newark, including the Departments of

Medicine and Microbiology and Molecular Genetics, the Public

Health Research Institute, the Center for Emerging Pathogens,

the Center for Immunity and inflammation, and the Northeast

Biodefense Center. Current research interests focus on bacterial

and viral pathogenesis, diagnostic development, immunology,

innovative vaccine and therapeutic strategies, molecular

epidemiology, and bioinformatics. The new RBL adds to an

existing infrastructure of BSL-3 and ABSL-3 containment

facilities, which is one of the most extensive in the Northeast.

FACULTY POSITION

Microbial Pathogenesis

Applications are invited for tenure/tenure-track faculty

positions in microbial pathogenesis, with rank commensurate

with qualifications. Applicants with an interest in biodefense and

emerging infectious diseases pathogens, and expertise in host-

pathogen interactions are particularly encouraged to apply. The

successful candidate will have demonstrated research

productivity and will be expected to maintain an independent,

innovative, funded research program and to participate in

graduate and postgraduate training. A competitive start-up

package and outstanding core facilities are available, including

animal imaging, informatics, and extensive BSL-3 and ABSL-3

containment facilities.

Applicants should submit a curriculum vitae, a statement of

research experience, a summary of future plans, and names of

three references by February 29, 2008, to: Dr. Nancy Connell,

e-mail: connell@umdnj.edu. AA/EEO Employer M/F/D/V.

Department of Physics and Astronomy

Professor of Physics in

Solid State Physics
A Professorial appointment is available for a candidate who

will provide scientific leadership in the Solid State Physics

group, and conduct world class research on aspects of

materials physics, preferably involving the development

and use of electron and ion beam microscopy and analysis.

The candidate will also play a key role, with colleagues, in

developing and implementing departmental strategy in

research and teaching.

Should a candidate of appropriate stature and reputation

present themselves, they will be appointed to the Chair of

Natural Philosophy at the University.

For further information on the post please contact

Professor Robin Leake, Pro-vice Principal, email

R.Leake@admin.gla.ac.uk quoting Ref: 13969/HRO/A1.

To find out more, and to apply, go to physics-at-glasgow.co.uk

Closing date: 14 March 2008.

The University is committed to equality of opportunity in employment.

www.glasgow.ac.uk Scottish University of the Year

WCMC-Q seeks candidates for a faculty position with major responsibility for the
teaching of an introductory biology sequence of two courses in a premedical pro-
gram leading to entry to the medical school. Another faculty member conducts a
complementary laboratory course sequence. Beyond the principal teaching obliga-
tion a successful applicant is expected to participate in advising, committee work,
and the academic life of WCMC-Q. Research space is available as well as research
funding support. Details regarding the WCMC-Q program and facilities can be
accessed at:

www.qatar-med.cornell.edu
Candidates should hold a Ph.D. degree and possess demonstrable teaching skills as
well as experience and training in research. Candidates must be willing to relocate
to Doha, Qatar for the duration of the appointment. Academic rank and salary are
commensurate with training and experience and are accompanied by a competitive
foreign-service benefits package. Qualified applicants should submit a curriculum
vitae and a letter of interest outlining their teaching and research experience to:

facultyrecruit@qatar-med.cornell.edu

*Please quote Faculty Search #08-sci-BO1 on all correspondence

BIOLOGIST
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FACULTY POSITION

Assistant Professor

Genetics, Stem Cell or
Systems Biology

Brigham and Women’s Hospital
Harvard Medical School

TheGeneticsDivision, Department ofMedicine at Brigham andWomen’s
Hospital and Harvard Medical School, seeks an outstanding Assistant
Professor level scientist. Applicants should possess Ph.D., M.D., or
M.D., Ph.D. degrees and have several years of relevant postdoctoral
experience. Areas of interest are broad; these include human genetics,
model organism genetics, systems level analyses of pathways involved in
disease and development, stem cells, tissue and organ regeneration, and
proteomics. The successful applicant will enjoy an outstanding competi-
tive start-up package, excellent space and state-of-the-art facilities,
and will be part of a division with diverse interests and expertise:
http://brighamandwomens.org/research/Genetics/.

Please send by April 15, 2008 a CV, a 2-3 page description of research
interests and plans, and 3 letters of recommendation to:

David Beier, M.D., Ph.D.

Chair, Search Committee

c/o Suzanne Peterson

BWH Genetics Division

New Research Bldg., NRB 458D

Harvard Medical School

77 Avenue Louis Pasteur

Boston, MA 02115

Electronic submissions are preferred:
SPETERSON5@PARTNERS.ORG

BWH is an Equal Opportunity Employer.

Duke University is an Equal Opportunity/Affirmative Action Employer.

ASSOCIATE or FULL PROFESSORS

The Department of Cell Biology at Duke University
invites applications for tenured positions at the Associate or
Full Professor level. We are particularly interested in candi-
dates investigating a biological process or question relevant
to human health and disease from the molecular through to
the organismal level. Candidates working on stem cell biology
are also encouraged to apply. A strong track record of schol-
arly achievement, innovation, and collaboration is a priority.
Successful candidates will enjoy newly renovated space and
a highly collegial and interactive environment. Learn more at:
www.cellbio.duke.edu

Candidates should submit CV, statement of current and future
research plans, and names of three professional references to:
Dr. Brigid LM Hogan, Chair, Department of Cell Bi-
ology, Room 388C, Nanaline H. Duke Building, Box
3709, Duke University Medical Center, Durham, NC
27710. Position is open until filled.

Tufts University School of Medicine
Faculty Positions in Neuroscience

The Department of Neuroscience www.neurosci.tufts.edu/
indexDept.html at Tufts University School of Medicine is expanding
by adding nine tenure-track faculty positions. Positions are available
at Assistant, Associate and Full Professor levels. The department will
build on its core strengths and focus on the study of synapses, disorders
of the nervous system and neuron-glial interactions. We are seeking
candidates who use innovative approaches to investigate problems that
cross levels of investigation from molecular and cellular to systems
and/or behavioral neuroscience. Candidates using molecular, genetic,
electrophysiological and/or imaging methodologies to study neurons,
synapses and networks are particularly encouraged to apply. We offer
generous start-up packages, newly renovated laboratory space and a
highly collaborative environment offering opportunities for both basic
and translational research.

Applicants should hold a Ph.D. and/or M.D. degree and have sev-
eral years of productive postdoctoral experience. Successful can-
didates will be expected to develop thriving, well-funded research
programs and to contribute to graduate and medical education.
Please submit electronic applications including a CV, a statement
of research interests and the names and email addresses of at least
three references to: neurosci-facultyrecruitment@tufts.edu.

TUSM is an Equal Opportunity Affirmative Action Employer.
Women and minorities are encouraged to apply.

Faculty Position
UNMC Eppley Institute for Research in Cancer and

Allied Diseases

The Eppley Institute for Research in Cancer and Allied Diseases, a
multi-disciplinary cancer research institute at the University of Nebraska
Medical Center (UNMC), invites applications for tenure-leading positions
at all levels.We seek candidates with outstanding records of cancer research
achievement focusing on basicmolecular and cellular mechanisms, molecu-
lar therapeutics, or specific diseasemodels. Researchers with expertise using
chemical genetic or chemical genomic approaches, including, but not limited
to state-of-the-art techniques for identifying small molecules directed at
cancer targets, in vitro and in vivo methods to enhance molecular target
validation, and techniques for identifying and validating cancer biomarkers
are encouraged to apply.

The Eppley Institute for Research in Cancer andAllied Diseases, an integral
part of both the University of Nebraska Medical Center and the UNMC
Cancer Center (NCI-designated Cancer Center), continues aggressive
recruitment of outstanding scientists in several areas of scientific prior-
ity. The Institute provides a supportive environment that fosters creative,
multidisciplinary research with world-class laboratory facilities, state of
the art core facilities, and outstanding institutional and state support. New
faculty will find a collaborative scientific environment coupled with very
competitive start-up packages. Both pre- and post-doctoral fellowships are
available for support of trainees. Omaha, the nation’s 42nd largest city,
offers an outstanding school system, low cost of living, and numerous
recreational activities.

Candidates should have a Ph.D. and/or M.D. degree and postdoctoral
research experience. Applicants can apply online to position #2468 at
https://jobs.unmc.edu. Additional information can be found at http:
//www.unmc.edu/cancercenter/. Candidates should also forward a mini-
mum of 3 letters of reference to: Search Committee, Eppley Institute for
Research inCancer andAlliedDiseases,Attn:MattWinfrey, University

of NebraskaMedical Center, 986805NebraskaMedical Center, Omaha,

Nebraska, 68198-6805.

The University of Nebraska Medical Center is an
Equal Opportunity Employer.
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The Division of Molecular Cardiovascular Biology at

Cincinnati Children’s Hospital Medical Center is initiating

a search for a position at the

level. The successful

candidate will have a PhD, MD or MD-PhD degree and

at least two years of post-doctoral research experience.

The Division occupies outstanding new research space in

a state-of-the art, 450,000 ft2 building that opened in

December, 2007.

Division faculty may join the multi disciplinary graduate

program in Molecular and Developmental Biology. The

applicant will have a demonstrated track record in one

or more of the following areas: molecular aspects of

cardiogenesis, normal or abnormal heart development

and function, the genetic basis of cardiovascular disease,

cardiac signaling, molecular approaches to cardiac

physiology, gene regulation, or the application of global

approaches to the cardiovascular system.

The successful applicant will be joining a highly productive

and interactive faculty. Ample laboratory space in the new

building and a generous multi-year start-up package will be

provided. Applications should include a comprehensive

curriculum vita, the names of three references, a summary

of past research and future research plans. Applications

should be emailed to

Faculty position
Molecular Cardiovascular Biology

Faculty positions

for cardiovascular molecular
medicine in

Peking University, China

The Institute ofMolecularMedicine
at Peking University is inviting
applications for three Principal
InvestigatorPositions, at the rank of
(equiv. to U.S.) asst., assoc. or full
professor. Successful applicants
are expected to head research and
education programs in vascular
b io logy ; nonhuman p r ima te
models of cardiovascular and
metabolic diseases; and cardiac
development and regenerative
medicine, respectively.Competitive
startup packages with benefits will
be provided. Interested applicants
w ith demonstrated academ ic
exce l lence and leadership in
respective fields should submit CV
and statement of research interest
to Dr. Heping(Peace) Cheng at
imm@pku.edu.cn. Inquiry phone/
fax: +86-10-6276-7143;web: http://
www.pku.cn:8000/academic/imm/.

University of California, Davis
Department of Pharmacology

Faculty Positions in Pharmacology

TheUniversity of California, Davis, School ofMedicine, Department of Pharmacology invites appli-
cations for two - four (2-4) full-time academic tenure track position(s) at theAssistant/Associate/Full
Professor level. http://www.ucdmc.ucdavis.edu/pharmacology/.

The Pharmacology Department is housed in the new UC Davis Genome Center and recently suc-
cessfully recruited a new Department Chair, Dr. Donald M. Bers, Ph.D., with plans for significant
growth, including recruitment of up to 5 new faculty in the coming 3 years. One area of anticipated
research growth within the department is cardiovascular, but candidates with strong research pro-
grams in other areas are welcome. Pharmacology has strong links to the Genome Center, Center
for Neuroscience, Physiology and Membrane Biology, UC Davis Health System Cancer Center and
Cardiovascular research groups.

Candidates must possess a Ph.D. and/orM.D. degree and at least two years of productive postdoctoral
experience. Individuals selected for the position(s) will be expected to build or continue a successful,
independent, extramurally funded research program and to achieve excellence in the teaching of
basic sciences to medical and graduate students. The most important criteria in the consideration of
applications are: (1) a record of excellence, creativity, and initiative in research, which establishes a
strong potential to build a vigorous and competitive research program; and (2) a demonstrated ability
to communicate effectively as a teacher participating in the teaching ofmedical and graduate students.
Research areas should complement others in Pharmacology and campus programs. Particular interests
include function, expression, trafficking, signaling pathways, structure and regulation of membrane
proteins (such as ion channels and receptors) and novel therapeutic strategies. Priority will be given
to candidates whose record of innovative research and commitment to teaching demonstrate their
potential as leaders in their fields.

These positions will be open until filled, but for full consideration applications should be received
byMarch 1, 2008. Applicants should send a curriculum vitae, up to three key reprints, a synopsis
of research interests and plans (past, present and future goals), a summary of teaching experience/
philosophy and the names/addresses of three to five references to be sent to: Peter M. Cala, Ph.D.,
InterimChair, Department of Pharmacology, attention:TomWatkins, GenomeBuilding, Room

3502, 451 Health Sciences Drive, UC Davis, Davis, CA, 95616. Search #s PH-06R-08.

The University of California is an Affirmative Action/Equal Opportunity Employer.
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The Department of Neuroscience at Columbia University Medical Center, as
part of a University-wide Neuroscience Initiative, is recruiting faculty
concentrating on the analysis of neural circuitry through molecular, genetic,
cellular electrophysiological and/or imaging approaches. We are parti-
cularly interested in individuals whose research program explores neural
circuits in genetically tractable model systems and in the context of
well-defined behaviors. We encourage applications for positions at the
Assistant Professor level but will also consider applications from more
senior investigators for positions at the level of Associate or Full Professor.

Columbia University currently has a world-renowned program in neuro-
biology and behavior and the Neuroscience Initiative aims to enhance
interactions between basic and clinical neurosciences and link the
neurosciences to other scientific disciplines within the University. Faculty
will be affiliated with the Department of Neuroscience, and there will be
opportunities for strong ties with scientific departments and programs on the
Morningside Heights campus.

Applications for this round of recruitment are requested by March 1, 2008.
A CV, cover letter, including statement of interests, and three letters of
reference under separate cover should be e-mailed care of David Leyden,
dgl2102@columbia.edu. In addition, please mail a hard copy of these
documents to:

Chair, Neuroscience Search Committee
c/o: David Leyden

Columbia University
Hammer Health Sciences Center

Room 2-205G
701 W 168th Street
New York NY 10032

Columbia University takes affirmative action to ensure equal employment opportunity.

Neuroscience Faculty Recruitment

COLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK
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THE UNIVERSITY OF
BRITISH COLUMBIA OKANAGAN

British Columbia Regional
Innovation Chair in
Reservoir Ecosystem

Management

TheUniversity of British Columbia (UBC) is ranked among the world’s
40 best universities and its newest campus is located in the heart of
the scenic Okanagan Valley. The Irving K. Barber School of Arts and
Sciences, the largest Faculty at UBC Okanagan, seeks an outstanding
scholar who will lead in the development and integration of interdis-
ciplinary, innovative, science-based approaches to best-management
of reservoirs. Applications from those having demonstrated expertise
in applied aquatic ecosystem ecology, bio-geomorphology of littoral
zones in reservoirs or impacts of reservoir management on lacustrine
and fluvial systems are particularly encouraged.

The successful candidate will have a PhDwith a strong research record,
exceptional communication skills, demonstrated excellence in teaching
at both the undergraduate and graduate levels, and a background of
working effectively with stakeholders on applied problems. The position
is contingent on funding and will be affiliated with one or more of the
programs within the Irving K. Barber School of Arts and Sciences.

The University of British Columbia Okanagan hires on the basis of
merit and is committed to employment equity. We encourage all
qualified persons to apply; however, Canadians and permanent

residents of Canada will be given priority.

For more information please visit our website:
http://web.ubc.ca/okanagan/ikbarberschool/employment.html

UCSDMedical Genetics Division Director - The Department of Medi-
cine at the UCSD School of Medicine in conjunction with the UCSD
Center for Human Genetics and Genomics invites applications for a
Chief of the Division of Medical Genetics from outstanding individuals,
to develop a vigorous research program in any area of contemporary
human genetics and genomics. The appointment will be full time at the
Associate or Full Professor level, and will involve teaching at both the
graduate and medical school levels. Candidates must possess a M.D.
or Ph.D. degree and be trained in any area of contemporary Human
Genetics and Genomics with a demonstrated track record of outstand-
ing peer-reviewed research. Board certification in any area of Medical
Genetics is desirable but not essential. Research space will be provided
in the Center for Human Genetics and Genomics on the 4th floor of the
new Skaggs School of Pharmacy and Pharmaceutical Sciences building
or other sites within the UCSD Health Sciences campus. In addition, an
attractive and competitive start-up package will be provided. The goal of
the center is to galvanize already existing genetics and genomics efforts
throughout the School of Medicine and UCSD campus, and coordinate
efforts within the Department of Medicine to advance our biomedical
sciences. Rank and series of appointment will be commensurate with the
candidate’s skills, qualifications and experience. Salary will be based on
published UC pay scales.

Applicants should e-mail their curriculumvitae and names and addresses of
three references to doconnor@ucsd.edu ormail to:Daniel T. O’Connor,
M.D., Professor of Medicine and Chair, Division of Medical Genetics

Chief Search Committee, University of California, San Diego School

of Medicine, 9500 Gilman Drive, La Jolla, CA 92093-0838. Review
of applications will begin onMarch 21, 2008 and will continue until the
position is filled.

UCSD is an Equal Opportunity/Affirmative Action Employer
committed to excellence through diversity.
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Assistant Professor of Tree Fruit Genomics - #08011
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Faculty Position
in Bacteriology

The Department of Molecular Microbiol-
ogy and Immunology at the Oregon Health
& Science University invites applications
for a tenure-track position at the Assistant
or Associate Professor level. Applicants
should possess a Ph.D. and/or M.D. degree
with postdoctoral experience with a signifi-
cant record of publication on prokaryotic
microorganisms. All areas of prokaryotic
microbiology will be considered, but those
related to pathogenic bacteria are of special
interest. The successful candidate will be
expected to develop a vigorous program
of research and to participate in teaching of
graduate andmedical students. OHSU places
high priority on cultural diversity; thus, we
seek candidates with demonstrated sensitiv-
ity to and understanding of the diverse aca-
demic, socioeconomic, cultural, disabled and
ethnic backgrounds of OHSU’s students and
employees.

Applications should contain a current C.V., a
1-2 page statement of research program, and
names, addresses, and E-mail contacts for 3
references. Material should be submitted
electronically toKathyShinall, SearchCom-
mittee Coordinator at shinallk@ohsu.edu.

OHSU is an Affirmative Action, Equal
Opportunity Employer. Women, minorities,
disabled persons, Vietnam era and disabled
veterans are encouraged to apply. OHSU is

a smoke free workplace. www.uni-erlangen.de

The Cluster of Excellence ‘Engineering of Advanced Materials – Hierarchical Structure Formation of Functio-

nal Devices’ (eam.uni-erlangen.de) at the Friedrich-Alexander-University of Erlangen-Nuremberg, Germany

(FAU), and funded by the Deutsche Forschungsgemeinschaft (DFG) invites applications for a permanent

W3-Professorship
in ‘Multiscale Simulation of Particulate Systems’

Successful candidates should provide outstanding research leadership in the area of multiscale modeling

and simulation in the context of mesoscopic materials science, granular physics, multiphase flow, dissi-

pative particle dynamics, discrete elements or dynamic density functional theory. The successful candidate

is expected to be experienced in interdisciplinary and externally funded research and to develop an inter-

nationally recognized fundamental research program strongly interlinked with the cluster’s research areas,

thereby bridging the gap between computational models on different scales. He or she is further expected

to play an active role in the newly founded ‘Center for Multiscale Modeling and Simulation’ at the FAU.

Qualifications include university undergraduate and doctoral degrees, excellent teaching skills, and a habi-

litation or equivalent other qualification, which may have been gained outside the University or within a

“Junior Professorship”.

At the time of appointment the candidate must not be older than 52 years of age. The Ministry for Science,

Research and Art may allow an exception in special cases, which has to be approved by the Ministry of

Finance (cf. art. 10 parag., 3, s.2 of the Bavarian Law on Personnel at Institutions of Higher Education).

The University of Erlangen-Nuremberg actively encourages applications from female candidates in an

effort to increase female representation in research and teaching.

Applications from the severely disabled having the same suitability for appointment as other candidates

will be given priority.

The position is to be filled by November 1, 2008.

Application documents (curriculum vitae, photograph, list of publications and teaching activities, certified

copies of degree certificates and copies of the five (5) most important publications) and a brief statement

of research interests must be sent four weeks after publication to: Prof. Dr. W. Peukert, Institute of Particle

Technology, Cauerstraße 4, D-91058 Erlangen, Germany.
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Department of Microbiology
and Molecular Genetics

Faculty Position in Cancer Research

Candidates are invited to apply for a tenure-track
Assistant Professorship; outstanding candidates
of higher rank will also be considered. Scientists
interested in the molecular genetic mechanisms
that lead to cancer are encouraged to respond;
those investigators studying cell cycle control or
genomic instability are of particular interest. This is a joint recruitment
with the Cancer Center.

The Department is in a phase of growth and expansion with strong
research programs in molecular genetics, host/pathogen interactions,
and inflammation. These initiatives are complemented by college-wide
investment in multiple research areas including cancer research and
human and molecular genetics. The successful applicant will join a col-
legial group of interactive, well-funded and productive investigators and
will be expected to establish a strong, independent research program and
participate in graduate and medical student teaching. Competitive salary
support, start-up funds and renovated laboratory space will be provided;
many state-of-the-art core facilities are also available.APhD and/orMD
degree and post-doctoral experience are essential.

Applications will be considered as they arrive but should be received
byMarch 14, 2008. Applicants should submit a curriculum vitae, state-
ment of research interests, and the names of three references to: Dr.
Paula Traktman, Chairman, Dept. of Microbiology and Molecular

Genetics,Medical College ofWisconsin, 8701Watertown PlankRd.,

Milwaukee, WI 53226. E-mail: kthompso@mcw.edu.

http://www.mcw.edu/microbiology

EEO/AA/M/F/D/V

Director of the Division of Reproductive Biology
Department of Obstetrics, Gynecology and

Reproductive Biology

The Department of Obstetrics, Gynecology and Reproductive Biology in the
College of Human Medicine at Michigan State University seeks outstanding
candidates for the Directorship of the Division of Reproductive Biology.
Qualifications include an earned M.D. or PhD in a relevant specialty.

Applicants are expected to have a successful track record of sustained,
collaborative, peer-reviewed funding and publications in topics related to
women's health, and to maintain an active research program, with preference
given to NIH funding. The successful candidate will have the opportunity,
authority and resources to develop and oversee basic and translational research
within the department and to develop research programs with the Van Andel
Institute and Spectrum Health Research Institute.

The mission of the Division of Reproductive Biology is to understand the
mechanisms of diseases relevant to women's health and translate that
understanding into novel therapies.

Applicants who are not U.S. citizens or permanent residents must provide
documentation evidencing employment authorization in the United States.
Applications/nominations should include a current curriculum vitae and
personal statement. Electronic submission of applications is preferred. The
review of applications will begin on January 2, 2008, and will continue until the
position is filled. Salary and rank will be commensurate with experience.

All applications and inquiries will be confidential. Direct correspondence and
inquiries to: Richard E. Leach, MD. FACOG, FACS, Professor and Chair,
Department of Obstetrics, Gynecology and Reproductive Biology, College of
Human Medicine, Michigan State University, Richard.Leach@hc.msu.edu.

Michigan State University is committed to achieving excellence through cultural
diversity. The university actively encourages applications and/or nominations from
women, persons of color, veterans and persons with disabilities.

MSU IS ANAFFIRMATIVE ACTION, EQUAL OPPORTUNITY EMPLOYER.

Investigator
Cardiovascular Research
and Regenerative Medicine

The Feinberg Cardiovascular Research Institute (FCVRI) at North-
western University’s Feinberg School of Medicine is recruiting for a
full-time tenure-track position at theAssistant,Associate, or Professor
level. Applicants should have a MD (BC/BE in Cardiology) and/or
Ph.D. Candidates with research interests in regenerative medicine,
gene therapy, stem cell biology, proteomics, and translational research
are particularly encouraged to apply. Candidates at the Associate and
Professor levels are expected to maintain a robust NIH-funded labora-
tory and contribute to the visibility of FCVRI through publications in
high-impact life sciences journals.

Successful applicants will receive a competitive starting salary and
generous start-up package. The start date is negotiable. Applications
must be received by April 15, 2008 for full consideration. Please
send CV, description of research interests, and names of at least three
references to:

Douglas W. Losordo, MD
Director, Feinberg Cardiovascular Research Institute

Northwestern University
303 E. Chicago Avenue

Tarry 12-703
Chicago, IL 60611-3308

Northwestern University is an Affirmative Action, Equal Oppor-
tunity Employer. Women and minorities are encouraged to apply.
Hiring is contingent upon eligibility to work in the United States.

FACULTY POSITION IN

CANCER PREVENTION

The University of Texas M. D. Anderson Cancer Center, Science Park- Research
Division, seeks outstanding basic and/or translational scientists with research
interests in cancer prevention for a tenure-track Assistant Professor position.
Applications are welcomed from individuals utilizing novel molecular, cellular
and/or animal model systems focused on organ-specific or pathway-specific
approaches to mechanism-based cancer prevention. Areas of interest include,
but are not limited to, target identification, carcinogenesis intervention, nutrition/
gene interactions, metabolism/energy balance and inflammation/immune
responses. Preference will be given to candidates interested in working in a
highly collaborative, interdisciplinary environment with interests complementing
those of departmental faculty. M. D. Anderson offers an outstanding research
environment and a highly competitive recruitment package is available. The
successful candidate will be expected to develop and maintain a world-class
externally funded research program and to participate in graduate student
training. Required qualifications include Ph.D. and/or M.D. and demonstrated
scholarly research experience.

Information about Science Park can be found at: http://sciencepark.mdanderson.org/

Interested candidates should submit a statement of research interests, CV and
contact information for 3 references to:

Susan M. Fischer, Ph.D.
Department of Carcinogenesis
Chair, Search Committee, at:
mfendley@mdanderson.org

Application deadline: March 21, 2008

M. D. Anderson Cancer Center is an equal opportunity employer and does
not discriminate on the basis of race, color, national origin, gender, sexual
orientation, age, religion, disability or veteran status except where such

distinction is required by law. All positions at The University of Texas M. D.
Anderson Cancer Center are security sensitive and subject to examination of
criminal history record information. Smoke-free and drug-free environment.
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Endowed Chair and Department Head
Department of Physiology

Louisiana State University Health Sciences Center
School of Medicine

New Orleans

The Louisiana State University Health Sciences Center School of Medicine
in NewOrleans invites applications and nominations for Head of the Depart-
ment of Physiology and the Kenneth A. Ardoin/Pfizer Super-chair of Basic
Cardiovascular Research. The successful candidate will be responsible for all
facets of activity in the department, including both graduate and undergradu-
ate medical education, faculty recruitment and retention, and development of
research programs. The successful candidate will have a PhD, MD or MD/
PhD, will be internationally recognized for research in Physiology, Systems
Biology or Cell/Molecular Physiology and will have an exceptional record
of extramural research funding.

The applicant will be expected to coordinate the development of program
project grants and training programs within the department and also to foster
translational research. He/shemust demonstrate leadership ability, a commit-
ment to biomedical research and education and have the ability to provide a
vision of excellence for the Department.Achievements in multi-disciplinary
collaborative research, mentorship, teaching, and administration that promote
an inclusive environment are essential.

Candidates will have opportunities to interact with Centers of Excellence, including the Cardiovascular
Center, the Alcohol Research Center, the Neuroscience Center, the Stanley S. Scott Cancer Center, and
the Gene Therapy Program. Excellent core facilities are also available.

Significant resources will be available for departmental development, and faculty recruitment and start-
up. Candidates must qualify for the rank of tenured Professor in accordance with School of Medicine
and LSU System criteria; the compensation package will be competitive.

Candidates should provide their CurriculumVitae, including a full list of publications, a brief statement
of educational, research, service, and administrative interests, and a vision statement describing goals
for departmental development. These materials should be forwarded electronically to: Dr. Wayne L.
Backes,Associate Dean for Research, LSUHSC School of Medicine, 533 Bolivar St., NewOrleans,

LA 70112; MSfacultyrecruit@lsuhsc.edu. Review of applications will commence immediately and
will continue until the position is filled.

LSUHSC is an Equal Opportunity/Affirmative Action Employer.

UNIVERSITY OF MINNESOTA
INSTITUTE FOR TRANSLATIONAL NEUROSCIENCE
Translational Neuroscience Scholars Program

Multiple Faculty Positions

The Institute for Translational Neuroscience (ITN) at the University of Minnesota is seeking to hire up to eight tenure or tenure-track faculty members
to enhance research strengths in the neurodegenerative and neuromuscular diseases. The vision for these positions is to provide significant endow-
ment-like recurring salary support so the most accomplished scientists will be able to focus on their research. The newly established ITN will recruit
neuroscientists and physicians with Ph.D. and/or M.D. degrees at the Assistant, Associate or Full Professor level. Areas of interest include, but are not
limited to, Alzheimer’s disease, ataxia, Parkinson’s disease, ALS and muscular dystrophy. Translational Neuroscience Scholars will be affiliated with
the Grossman Center for Memory Research and Care, the Wellstone Muscular Dystrophy Center, or the Center for Neurological Research. We are par-
ticularly interested in candidates using animal models of dementia, movement disorders, and neuromuscular disease, as well as candidates who directly
study human degenerative neurological diseases. The key criteria are superlative scientific accomplishment and the promise of future research impact.
Successful candidates must demonstrate the capability to establish a vigorous, externally funded research program, a commitment to medical, graduate
or undergraduate education, and leadership through vision and collaborative program development.

Successful new recruits will receive substantial recurring salary support, an excellent startup package, and laboratory space in a newly built, integrated
neuroscience research complex housing the Grossman Center for Memory Research and Care, theWellstone Muscular Dystrophy Center, the Center for
Neurological Research, the Center for Magnetic Resonance Research, the Center for Orphan Drug Research, and the Stem Cell Institute. Departmental
affiliation will be determined by the applicant’s interest and the relevance of the applicant’s research program to departmental goals. ForAssistant level
appointments, candidates are expected to have doctoral and postdoctoral training in the neurosciences and research accomplishments consistent with
developing a nationally recognized and independent research program.Associate or Full Professor appointments will require demonstrated independence
and research productivity, including a strong track record of major external funding and peer-reviewed publications. Candidates must be U.S. citizens
or be able to secure permanent residence status. The starting date is negotiable, with appointments available as soon as June 1, 2008. The University of
Minnesota is committed to diversifying its faculty and encourages applications from women and minorities.

Review of applications will commence January 31, 2008, and continue until the positions are filled.Applicants should send curriculum vitae, statement
of research interests and intentions, and three letters of reference to: ITNFaculty SearchCommittee,Attention: Rosalyn Segal,Medical School Dean’s
Office, MMC 293, 420 Delaware Street S.E., Minneapolis, MN 55455. Email: rsegal@umn.edu. Electronic versions of the required information
may be e-mailed but must be followed with a hard-copy for the official search files.

The University of Minnesota is an Equal Opportunity Educator and Employer.

���������� �� ��� ���������

��������� ���� ��
��������

��� ���������� �� ��� ����������

������� �� ���� �������� ��� ������������

����� �� ��������� ���� �� ���������

��������� �� ��� ����� ��� ����� ���������
���� ���� � ������ �� �������������
�������� ��� ��������� ����������� ����
�������� ����������� �� � ������� �������
������� � ������������ ������� ��
���������� �� ����� �������� ��������

��� ����������� �� �����������������
�������� ��������� � ���������� ��
������������� ��� �������� ����������

��������� ������������� ��� ������
�������� ������� ��� � ���������� �� ���
���������� �� ����������

���������� ������ ������ ����������
������ ��� ���� ������ ��������� ��
��������� ���������� ��� ��������� �����
��� ������� ����������� �� ���� ����������
��� �������� �� �������� ������
��������� ������ ��� ����� ����� ��

������� ����� ���������� �� ���
���������� ������� �� ������
������ �� ������������ ���� ����� �������

��� �������� ����� ��� �������� �� �������

��� ���� ����������� �� ���

�������������������������
����������������������

��� ���������� �������� ����� ����������
������� ��������� ��� ����������� �� �������

�� ��� ���������������� ������ �� �����������

o
n

li
n

e
 @

sc
ie

n
ce

ca
re

e
rs

.o
rg

f
a

c
u

l
t

y
 p

o
s

it
io

n
s

mailto:MSfacultyrecruit@lsuhsc.edu
mailto:rsegal@umn.edu
mailto:online@sciencecareers.org
http://www.colsa.unh.edu/employment/index.html
http://www.colsa.unh.edu/employment/index.html


o
n

li
n

e
 @

sc
ie

n
ce

ca
re

e
rs

.o
rg

FACULTY POSITIONS
IN CELL SIGNALING

University of Texas Medical School – Houston

The Department of Integrative Biology and Pharmacology in the
University of TexasMedical School at Houston has tenure track faculty
openings for researchers with a focus on the cell biology, physiol-
ogy and pharmacology of cell signaling. Appointments will be at the
Assistant Professor level for candidates completing their postdoctoral
training, or at theAssociate Professor level for candidates with funded,
independent research programs. Applicants using innovative in vitro
or animal model systems, or computational and systems approaches to
study cell signaling and/or physiological regulatorymechanismswill be
given preference. Responsibilities include the development of a funded,
internationally recognized research program that complements existing
research activities in the department (http://ibp.med.uth.tmc.edu) and
participation inmedical and graduate education. TheMedical School is
located within the Texas Medical Center, which includes UT- Houston
Health Sciences Center, Baylor College ofMedicine andM.D.Anderson
Cancer Center. Attractive start-up packages and competitive salaries
and benefits will be provided.

Send a curriculum vitae, a description of future research plans and at
least three letters of reference to Dr. John F. Hancock, Department
of Integrative Biology and Pharmacology, University of Texas

Medical School at Houston, by email at ms.ibp.applicants@uth.
tmc.edu or by mail to P.O. Box 20708, Houston, TX 77225. Review
of applications will begin immediately and will continue until the
positions are filled.

The University of Texas is an Equal Opportunity/
Affirmative Action Employer. M/F/D/V. This is a security sensitive
position and thereby subject to Texas Education Code § 51.215.
A background check will be required for the final candidate.

FACULTY POSITIONS

POSITIONS OPEN

Independent Research

Fellowships

The John Innes Centre (JIC), Norwich, UK is a world leading centre

of excellence in plant and microbial sciences based on the Norwich

Research Park. We are inviting applications from outstanding

researchers who either hold, or wish to apply for Independent

Research Fellowships, to attend a Conference at the JIC on 2/3

June 2008. At the meeting you will be able to present a talk about

your proposed area of research and to discuss your proposals, the

development of your group and your future career plans in depth

with senior JIC Scientists.

After the Conference we will select and mentor outstanding

candidates in writing. Fellowship applications and/or offer the

opportunity to move existing Fellowships to the JIC.

Further details and particulars can be found at

http://www.jic.ac.uk/corporate/opportunities/vacancies/fellows.htm

Please e-mail a 2-page summary of your research plan, a copy

of your CV and arrange for these letters of recommendation to be

emailed to dawn.barrett@bbsrc.ac.uk by Friday 18th April 2008.

The John Innes Centre is a registered charity (No223852)

grant-aidedby the Biotechnology and Biological Sciences

Research Council and is an Equal Opportunities Employer.

mailto:online@sciencecareers.org
http://ibp.med.uth.tmc.edu
mailto:ms.ibp.applicants@uth.tmc.edu
mailto:ms.ibp.applicants@uth.tmc.edu
http://www.jic.ac.uk/corporate/opportunities/vacancies/fellows.htm
mailto:dawn.barrett@bbsrc.ac.uk


www.jax.orgwww.jax.org

The Jackson Laboratory, a world-renowned mammalian genetics research institution and
NCI-designated Cancer Center, is seeking an experienced Senior Cancer Researcher to assist in
the expansion of the laboratory’s Cancer Center Program. We are looking for a leader with a
global view of cancer research, who can facilitate interdisciplinary and translational approaches
while conducting a competitive, independently funded research program.

Candidates should have the following minimum qualifications:
• Extensive knowledge of cancer biology, a Ph.D. or M.D., and at least 10 years of

independent research experience
• Strong scientific, organizational, management, and interpersonal communication skills
• The ability to interact effectively with internal scientists, external collaborators, as well

as granting agencies
• Willingness and ability to recruit and mentor several new faculty members

We offer a unique scientific research environment, including excellent collaborative opportunities
within our faculty, unparalleled mouse genomic resources, outstanding core scientific support
services, highly successful pre- and postdoctoral training programs, a major scientific meeting
center featuring courses and conferences centered on mouse models, and an idyllic research
environment surrounded by Acadia National Park.

For information, go to: www.jax.org and www.jax.org/research/cancer_center.html

Applicants should send a curriculum vitae and a brief summary of their research to:

Robert Braun, Associate Director and Chair of Research
The Jackson Laboratory, 600 Main Street, Bar Harbor, ME 04609

Interested individuals can also send an email to: bob.braun@jax.org

Applications should be received no later than March 1, 2008.

The Jackson Laboratory is an EOE/AA employer.
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Leading the search

for tomorrow’s cures

DEPARTMENT OF HEALTH AND HUMAN SERVICES

NATIONAL INSTITUTES OF HEALTH

OFFICE OF THE DIRECTOR

OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITIATIVES

DIVISION OF RESOURCE DEVELOPMENT AND ANALYSIS

The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is seeking a Director of the Division
of Resource Development and Analysis (DRDA) within the Office of Portfolio Analysis and Strategic Initiatives (OPASI).
If you are an exceptional candidate with an M.D. and/or Ph.D., we encourage your application.

The OPASI’s primary objective is to develop: a transparent process of planning and priority-setting characterized by a
defined scope of review with broad input from the scientific community and the public; valid and reliable information
resources and tools, including uniform disease coding and accurate, current and comprehensive information on burden of
disease; an institutionalized process of regularly scheduled evaluations based on current best practices; the ability to weigh
scientific opportunity against public health urgency; a method of assessing outcomes to enhance accountability; and a system
for identifying areas of scientific and health improvement opportunities and supporting regular trans-NIH scientific planning
and initiatives.

As the DRDA Director, you will be responsible for employing resources (databases, analytic tools, and methodologies) and
developing specifications for new resources, when needed, in order to conduct assessments based on NIH-owned and other
databases in support of portfolio analyses and priority setting in scientific areas of interest across NIH.

Salary is commensurate with experience and includes a full benefits package. A detailed vacancy announcement with the
mandatory qualifications and application procedures can be obtained on USAJOBS at www.usajobs.gov (announcement
number OD-08-236976-T42) and the NIH Web Site at http://www.jobs.nih.gov. Questions on the application procedures
may be addressed to Brian Harper on 301-594-5332. Applications must be received by midnight eastern standard time on
February 14, 2008.

This position is subject to a background investigation.

DHHS and NIH are Equal Opportunity Employers

Chair and Professor

Washington State University

Department of Horticulture and
Landscape Architecture

Washington State University - Department of
Horticulture and Landscape Architecture, Chair
and Professor. 12-month tenured position (Pro-
fessor). Required: Doctorate in horticultural
science, landscape architecture, plant sciences,
or a related discipline; an overall record tenurable
at full professor rank; a record of excellence in
leadership in at least two of the following four
areas: (1) research, scholarly, or creative prac-
tice, (2) teaching, learning, or interactive com-
munication, (3) outreach, extension, or service
activities, (4) academic administration; proof of
excellence in leadership, attracting competitive
funding, promoting productive teamwork, and
facilitating and developing the full potential of
diverse individuals and disciplines; evidence of
successful financial management, including the
generation and allocation of resources; demon-
strated abilities in consensus building, strategic
planning and implementation, development
activities, and communication with and among
diverse stakeholder and constituency groups.

For full position description listing all
qualifications and application process, visit:
http://www.hrs.wsu.edu/employment/

fapvacancies.aspx (Search #4946). Contact:
Dr. PeteW. Jacoby, c/oBeverlyBrantner,Dept.

of Horticulture and Landscape Architecture,

WSU, P.O. Box 646414, Pullman, WA 99164-

6414. brantner@wsu.edu, 509-335-3943, Fax

509-335-8690. Screening:March 15, 2008.

EEO/AA/ADA
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FACULTY POSITIONS
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FACULTY POSITIONS

ASSISTANT to FULL PROFESSOR
Program in Genetics and Genomic Medicine
University of Maryland School of Medicine

The interdepartmental Program in Genetics and
Genomic Medicine (PGGM) at the University of
Maryland School of Medicine is seeking faculty can-
didates whose backgrounds and experience will sup-
port appointments on the tenure track or with tenure.
Qualified candidates can be from any field of biomed-
ical science (including neuroscience, molecular pa-
thology, medicine, pediatrics, and cancer) and should
have expertise in human genetics, genetic epidemiol-
ogy, molecular genetics (including model systems),
statistical genetics, bioinformatics, pharmacogenomics,
functional genomics, or related fields. Appointments
of successful candidates will be in the appropriate
basic and/or clinical departments, and offer out-
standing opportunities for independent and collabora-
tive research in a highly interactive, multidisciplinary
environment at the University of Maryland, Baltimore.
Funded candidates preferred. Please send curriculum
vitae and names of four references to: Alan R.
Shuldiner, M.D., Director, Program in Genetics
and Genomic Medicine, University of Maryland
School of Medicine, c/o JoAnn Gibbs, Room
N3E10, University of Maryland Medical Center,
22 S. Greene Street, Baltimore, MD 21201. Please
cite positions 03-309-462/485. The UM,B is an Affir-
mative Action/Equal Employment Opportunity/ADA Employer
and encourages applicants from diverse racial, ethnic, and cultural
backgrounds to apply.

The Department of Chemistry at Wellesley Col-
lege invites applications for a tenure-track faculty
position in physical chemistry at the rank of first-
level ASSISTANT PROFESSOR. The position
will begin in September 2008. We are seeking
candidates who are strongly committed to excellence
in both teaching and research in a liberal arts en-
vironment. Candidates will be expected to teach
courses at all levels of the chemistry curriculum as
well as the Environmental Studies Program. Candi-
dates who have plans for an active research program
involving undergraduate students in laser spectros-
copy are strongly encouraged to apply. A Ph.D. is
required and postdoctoral experience is desirable.

Applications, including a cover letter; a statement
of teaching experience, interests, and philosophy; a
statement of research interests; curriculum vitae; and
three letters of recommendation from individuals
familiar with your academic and professional
background, should be sent, in Word or, preferably,
PDF format, to e-mail: chem08search@wellesley.
edu. All materials must be submitted electronically.
The deadline for receipt of all application materials is
February 1, 2008.

Wellesley College is an Equal Opportunity/Affirmative
Action Educational Institution and Employer. The College is
committed to increasing the diversity of the faculty and the
curriculum. Candidates who believe they will contribute to that
goal are strongly encouraged to apply.

ECOHYDROLOGY

The University of Vermont seeks to hire an out-
standing ASSISTANT or ASSOCIATE PROFES-
SOR of ENGINEERING, MATHEMATICS, or
COMPUTER SCIENCE with emphasis on complex
systems analysis in the context of ecohydrology, the
linkage between hydrological and ecological systems.
The hire is part of a University focus on the environ-
ment and a College initiative in complex systems.

Qualifications for the position include an earned
Doctorate, a proven record of scholarly activities,
and the ability to teach relevant graduate and under-
graduate courses. Successful candidates will be ex-
pected to make significant and balanced contributions
to research, teaching, and service, including the devel-
opment of a nationally respected, externally funded
research program.

Preference given to complete applications received
before February 20, 2008. Submit curriculum vitae,
statement of research and teaching interests, and
contact information for three references to website:
http://www.uvmjobs.com (requisition #032225).
Affirmative Action/Equal Opportunity Employer.

FACULTY POSITIONS

CANCER RESEARCH

The University of South Carolina (USC) in
Columbia, South Carolina, and the Medical Univer-
sity of South Carolina (MUSC) in Charleston, South
Carolina, are jointly seeking applications for a
tenure-track position at the rank of ASSISTANT/
ASSOCIATE PROFESSOR on the Columbia
campus (website: http://www.sccp.sc.edu). The
candidate will have a Ph.D. degree, postdoctoral
experience, and research interests in cancer pharma-
cology or cell biology, cancer drug discovery, or
colorectal cancer. The applicant will be expected to
develop a strong, NIH-funded research program and
participate in professional and graduate education.
Candidates hired at the rank of Associate Professor
will have a funded research program. Pharmacy
faculty are members of the NIH-funded Center for
Colon Cancer Research (website: http://www.
cccr.sc.edu), South Carolina Cancer Center, Hol-
lings Cancer Center in Charleston, and Centers for
Drug Discovery and Cancer Therapeutics.

Interested candidates should submit curriculum
vitae, statement of research interests, and the names
of three references to: Dr. Michael Wyatt, Depart-
ment of Pharmaceutical and Biomedical Sciences,
South Carolina College of Pharmacy, University of
South Carolina, Columbia, SC 29208 (e-mail:
wyatt@sccp.sc.edu). Electronic submission is encour-
aged. Review of applications will begin on February
22, 2008, and will continue until the position is filled.

The University of South Carolina and the Medical
University of South Carolina are Affirmative Action/Equal
Opportunity Employers.

FACULTY POSITION in IMMUNOLOGY

The University of Minnesota (UM) Medical
School, Duluth invites applications for a faculty po-
sition with a research focus in the area of immu-
nology. Candidates must have a Ph.D., M.D., D.V.M.,
or equivalent degree, postdoctoral experience (including
peer-reviewed publications), and teaching experience,
preferably in the area of immunology. Preference will
be given to individuals conducting research in the
areas of neuroimmunology or inflammation. Faculty
rank is open, including ASSISTANT, ASSOCIATE,
or FULL PROFESSOR; the appropriate rank will
be based on applicant qualifications and determined
at the time of hire. Candidates will be expected to
lead an innovative, extramurally funded research pro-
gram in immunology.

The mission of the Medical School, Duluth is to
be a leader in educating physicians dedicated to fam-
ily medicine, to serve the health care needs of rural
Minnesota and American Indian communities, and
to discover and disseminate knowledge through re-
search. Opportunities exist to participate in under-
graduate, graduate (M.S. and Ph.D.), and allied health
student education. Close relationships with faculty in
the University of Minnesota Academic Health Center
and the UM College of Pharmacy, Duluth also pro-
vide excellent opportunities for research collaborations.
Duluth is located on the scenic north shore of Lake
Superior just south of the Boundary Waters wilderness
area, and offers an outstanding quality of living and
numerous recreational opportunities.

Applications are made online at website: http://
employment.umn.edu (requisition #153226). To en-
sure consideration, a cover letter, a statement of teach-
ing philosophy and a research plan (one page maximum
each), curriculum vitae, and the names and contact
information of three references should be directed
to: Jon Holy, Ph.D., Chair of the Search Com-
mittee, via the online process. Three letters of re-
commendation should be sent under separate cover to:
Lurinda Isaacson, 1035 University Drive, 113 SMed,
Duluth, MN 55812-3031, or e-mail: lisaacso@d.
umn.edu. The University of Minnesota is an Equal Oppor-
tunity Educator and Employer.

FACULTY POSITIONS

FACULTY POSITIONS in ENTOMOLOGY
The University of Georgia

The Department of Entomology at the University
of Georgia seeks to fill two positions at the level of
ASSISTANT or ASSOCIATE PROFESSOR in
the study of parasite or microbial-insect interactions.
Areas of interest include pathogenic or symbiotic asso-
ciations as well as studies on vector species in animal
or plant systems. Candidates using innovative ap-
proaches in either the molecular sciences or ecology
will be carefully considered. Microbiology, Parasitol-
ogy, and Infectious Diseases are growing Programs
at the University of Georgia; expertise in entomol-
ogy and elsewhere on campus offers unique collab-
orative potential in genetics, genomics, parasitology,
ecology, and evolution. Applicants must have a Ph.D.
degree (or equivalent) and suitable experience. Suc-
cessful candidates will be expected to establish a strong
extramurally funded research program and contribute
to instruction in the Department. To apply, submit a
cover letter, curriculum vitae, and a description of re-
search and teaching interests to e-mail: entomolo@
uga.edu (open search in the subject line). Applicants
should arrange to have three letters of reference sent to:
Open Search Committee, c/o Dr. M.R. Strand
(Chair), Department of Entomology, University
of Georgia, 413 Biological Sciences, Athens, GA
30602-2603. Complete applications received by March
31, 2008, are assured of full consideration. The University
of Georgia is an Affirmative Action/Equal Opportunity Employer
committed to increasing diversity of its faculty and students.

SINGLE MOLECULE BIOLOGIST
Norris Comprehensive Cancer Center

Keck School of Medicine
University of Southern California

The Norris Comprehensive Cancer Center, the
Department of Biochemistry and Molecular Biology,
and the Department of Biological Sciences are re-
cruiting for a tenure-track position at the ASSIST-
ANT, ASSOCIATE, or FULL PROFESSOR
level. We seek scientists with an innovative research
program in the analysis of single molecules of bio-
logical interest. The successful candidate will receive
a generous startup package, will be housed either in
the newly constructed Harlyne Norris Tower of the
Norris Comprehensive Cancer Center, and will be a
member of the Cancer Center.

In addition, as a member of the structural biology
group of University of Southern California, the can-
didate will have available a 700 megahertz Bruker
nuclear magnetic resonance machine, an X-ray crys-
tallography facility, a biophysics core, and other state-
of-the-art equipment. The successful candidate will
have an academic appointment in the Department of
Biochemistry and Molecular Biology, and a joint ap-
pointment in the Department of Biological Sciences.

Applicants should submit curriculum vitae, a re-
search plan, and three letters of reference to Ms.
Isabel Lora at e-mail: lora_m@ccnt.usc.edu. Wom-
en and minority candidates are encouraged to apply. USC is an
Equal Opportunity/Affirmative Action Employer.

PROFESSORSHIP in ECOLOGY, EVOLU-
TION, and/or BEHAVIOR. Princeton University_s
Department of Ecology and Evolutionary Biology seeks
a visionary senior scientist who will prosper in an in-
terdisciplinary environment spanning ecology, evolu-
tion, and behavior. Area of expertise is open, but a
demonstrated record of excellence in research, teach-
ing, and mentoring (at undergraduate and graduate
levels) is essential. Applications, curriculum vitae, and
names of three referees, should be sent to: Prof. Dan
Rubenstein, Chair, Department of Ecology and
Evolutionary Biology, Guyot Hall, Princeton Uni-
versity, Princeton, NJ 08544-1003. Screening of
applications will begin 15 February 2008, and con-
tinue until the position is filled. For general applica-
tion information and how to self-identify, see website:
http://www.princeton.edu/dof/ApplicantsInfo.
htm.

Princeton University is an Equal Opportunity Employer and
complies with applicable Equal Employment Opportunity and
Affirmative Action regulations.
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Clinical Director

National Institute of Neurological Disorders and Stroke

National Institutes of Health

The Division of Intramural Research of the National Institute of Neurological Disorders and Stroke (NINDS) announces

a search for a Director of Clinical Research. The Clinical Director will be responsible for the leadership of all aspects

of the intramural NINDS clinical program and direct an active and independent research program. The Clinical Direc-

tor will play a key role in the significant expansion of clinical research which is planned over the next five years. This

expansion is aimed at strengthening the existing programs, making broader connections to other clinical programs

at NIH, as well as increasing integration with the excellent basic neuroscience research programs in NINDS. The

Institute has a strong interest in increasing therapeutics research aimed at relieving the burden of neurological disease.

NINDS presently has clinical programs in neurogenetics, neuroimmunology, movement disorders/cortical physiology

and stroke, as well as an active surgical neurology program and an active neuroimaging program. The extraordinary

resources available at the NIH Clinical Research Center, the world’s largest research hospital, and the unfettered focus

on research at the NIH makes this a unique opportunity. The successful candidate for this tenured position will have

already established an international reputation for clinical neuroscience research as well as have demonstrated skills in

building clinical programs. Application for this position should be sent to: Dr. Story Landis, Director, NINDS, c/o

Peggy Rollins, Building 35, Room GA908, NINDS, NIH, Bethesda, MD 20892-3716. Evaluation of applications

will beginMarch 25, 2008. The NINDS is one of the Institutes of the National Institutes of Health, a component of

the Department of Health and Human Services.

OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITIATIVES

DIRECTOR, DIVISION OF EVALUATION AND SYSTEMIC ASSESSMENTS

The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is seeking a Director of the Division of Evaluation and

Systemic Assessments (DESA) within the Office of Portfolio Analysis and Strategic Initiatives (OPASI). If you are an exceptional candidate

with an M.D. and/or Ph.D. and the vision and ability to integrate evaluation systems and programs across multiple disciplines and organizations,

we encourage your application.

The OPASI’s primary objective is to develop: a transparent process of planning and priority-setting characterized by a defined scope of reviewwith

broad input from the scientific community and the public; valid and reliable information resources and tools, including uniform disease coding

and accurate, current and comprehensive information on burden of disease; an institutionalized process of regularly scheduled evaluations based

on current best practices; the ability to weigh scientific opportunity against public health urgency; a method of assessing outcomes to enhance

accountability; and a system for identifying areas of scientific and health improvement opportunities and supporting regular trans-NIH scientific

planning and initiatives.

As the DESADirector, you will be responsible for planning, conducting, supporting, and coordinating, specific program evaluations and projects

of NIH Institutes and Centers such as the Roadmap, Obesity, and Neuroscience Blueprint initiatives. In addition, you will serve as the liaison

for conducting governmentally required assessments according to the Government Performance and Results Act (GPRA) and OMB Program

Assessment Rating Tool (PART). You will also serve as a member of the OPASI Steering Committee involved in oversight of institution-wide

planning and analysis.

Salary is commensurate with experience and includes a full benefits package. Adetailed vacancy announcement with the mandatory qualifications

and application procedures can be obtained onUSAJOBS at www.usajobs.gov (announcement numberOD-08-230779-T42) and the NIHWeb

Site at http://www.jobs.nih.gov. Questions on the application procedures may be addressed to Brian Harper on 301-594-5332. Applications

must be received by midnight eastern standard time on February 18, 2008.

http://www.usajobs.gov
http://www.jobs.nih.gov
http://www.nih.gov


Division Director, Experimental
Hematology and Cancer Biology

The Division of Experimental Hematology and Cancer

Biology at Cincinnati Children’s Hospital Medical

Center is initiating a search for an outstanding scholar

and leader. The successful applicant may hold an MD,

PhD or combined MD/PhD degrees. S/he may have a

translational or basic focus in cancer or hematopoesis,

including but not limited to stem cells. Very significant

resources are available to build a joint cancer program

with the University of Cincinnati. The successful

candidate will be expected to maintain and advance

outstanding scientific programs, and lead a collabor-

ative, translationally-oriented division with extensive

external funding.

The division currently houses 16 faculty members with

strength in hematopoesis, neuro-oncology, signaling

and gene therapy. The division maintains outstanding

cores for vector development, flow cytometry, mouse

modeling, and pre-clinical translational laboratories,

and is moving to a new research building in January

2008. Cincinnati Children’s is currently ranked second

in NIH funding for Departments of Pediatrics and in

the top five in Pediatric Cancer Care. Ample laboratory

space in the new building and a generous multi-year

start-up package will be provided.

Applications should be emailed to:

Jeff.Robbins@cchmc.org

Cincinnati Children’s Hospital Medical Center is an Affirmative Action/Equal Opportunity
Institution. Women and minorities are encouraged to apply.

Visit our website at
www.cincinnatichildrens.org

www.mssm.edu

POSTDOCTORAL FELLOW

POSITIONS
Philadelphia Chromosome Negative

Myeloproliferative Disorders

The Department of Medicine at the Mount Sinai School of

Medicine is currently seeking two full time Postdoctoral

Fellows to work in a vigorous research laboratory to participate

in molecular and cell biological studies of myelofibrosis,

polycythemia vera as well as essential thrombocythemia.

Requires a Ph.D or M.D or an equivalent degree in the

biological sciences, with demonstrated expertise in molecular,

cellular, and biochemical techniques as well as the ability to

work within a research team. A strong background in

hematopoietic stem cell biology, molecular genetics and drug

development essential (candidates without this background are

still encouraged to apply).

Please send a brief statement of research experience and

interest, CV, and contact information for three references to:

Ronald Hoffman, M.D, Albert A. and Vera G. List,

Professor of Medicine, Mount Sinai School of Medicine, One

Gustave L. Levy Place, Box 1079, NY, NY 10029 or email:

ronald.hoffman@mssm.edu. EOE.

Princeton University seeks nominations and applications
for the position of Director of the Princeton Plasma Physics
Laboratory, PPPL. Princeton University manages and oper-
ates PPPLunder contract with the U.S. Department of Energy
(DOE) and funding for the Laboratory comes primarily from
the Office of Fusion Energy Sciences within the DOE Office

of Science. Princeton University will propose to continue to manage and
operate PPPL after its current contract expires on September 30, 2008. It is
expected that the successful candidate will help prepare Princeton’s proposal
and will begin to serve as Director as soon as possible. The Director of PPPL
is normally appointed to the faculty at Princeton University.

The Director of PPPL oversees an $80M per year scientific program with a
staff of 450. The Director is responsible for leading the Laboratory’s highly
collaborative scientific programs in fusion energy science and technology,
as well as broader investigations in plasma science, for providing leadership
to the U.S. and world fusion research effort, and for assuring that PPPL in
all respects meets DOE’s highest standards for safe, efficient and compliant
operations. TheDirector of PPPLreports to and serves as an ex-officiomember
of the PPPL Management Board, composed of the President, Provost, Dean
of the Faculty, and Dean for Research.

Candidates should be outstanding scientists with extensive records of scien-
tific and technical accomplishments and demonstrated success in leading and
managing large scientific programs or organizations. This position requires an
individual with a proven track record of exemplary, senior-level leadership, and
a vision to foster a culture of innovation and collaboration. Prior experience
with and understanding of the operations and expectations of the DOE are
highly desirable. Ability to communicate effectively with staff, researchers,
government officials and press is essential.

Applications should be submitted online to http://jobs.princeton.edu.
Nominations may be sent to: Prof. A J Stewart Smith, Dean for Research,
Princeton University; dfr@princeton.edu. To receive full consideration,
nominations and applications should be received byMarch 15, 2008.

Princeton University is an Equal Opportunity Employer and complies with
applicable EEO and affirmative action regulations. Applications from women,
ethnic minorities, veterans and individuals with disabilities are encouraged.
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Career Focus
onAsia
Special feature in

the March 21 issue

Reserve your space
Issue Date: March 21, 2008
Reserve space by: March 4

For information about advertising,
please contact: Marium Hudda
Telephone: +44 (0) 1223 326 500

E-mail: ads@science-int.co.uk

If you are looking to recruit top-level scientists for
your research and faculty positions or brand your
organisation, turn to Science. Run your ad alongside
this article— your listing will get the attention and
applications you want, and the results you need.

FACULTY
POSITIONS
Bone Biology

Musculoskeletal Pathophysiology

The Research Division of the Hospital for Special Surgery, in conjunction
with the Weill Cornell Medical College, is developing research programs in
bone biology. We seek candidates with interests and demonstrated expertise
in bone cell and molecular biology, osteoblast function and bone formation,
and in vivo models of musculoskeletal disorders for tenure track faculty
positions. Candidates with experience in systems biology, biophysics and
osteoimmunology will also be considered. Evidence of continuous NIH or
other extramural funding is desirable, and a record of continuing research
productivity is required.

TheHospital for Special Surgery ResearchDivisionmaintains an independent
research program with faculty affiliated withWeill Cornell Medical College
and the Bioengineering Programs at the Cornell University Sibley School
of Engineering and at the City College of New York. Faculty is expected
to develop an independent extramurally funded research program and to
participate in the academic programs of Cornell University, where they will
hold joint appointments. There will be ample opportunity for collaboration
with clinical investigators and scientists at the adjacent campuses of Weill
Cornell Medical College, the Sloan-Kettering Institute and Rockefeller
University. Details on HSS research programs and its NIH funded Muscu-
loskeletal Repair and Regeneration Core Center (MRRCC) can be found at
http://www.hss.edu/research.asp.

HSS offers an extensive startup package and a highly competitive compensa-
tion package.Applicants should send a CValongwith a statement on research
interests and a list of references by mail to: Dr. Lionel Ivashkiv, Chair,
Research Search Committee, Hospital for Special Surgery, 535 East 70th

Street, New York, NY 10021 or by email tomrakv@hss.edu.

The Hospital for Special Surgery is an Equal Opportunity,
Affirmative Action Employer; women and minorities are

strongly encouraged to apply.

UNIVERSITY

OF KONSTANZ

KoRS-CB, will commence its training

program in April 2008. Thus, KoRS-

CB invites applications for

Fellowships for
Ph.D. students
from highly motivated and enthusias-

tic students with a keen interest in

interdisciplinary research and an

excellent degree (Master or Diploma)

in Biology, Chemistry or related areas.

For details on the application proce-

dure and further information on the

research and training program of

KoRS-CB, the participating Depart-

ments, and the University of

Konstanz, please visit the KoRS-CB

homepage at

www.chembiol.uni-konstanz.de
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CNETHPC, the NATIONAL CENTRE FOR HYDROGEN AND FUEL
CELL TECHNOLOGY EXPERIMENTATION is looking for a:

DIRECTOR

The NATIONAL CENTRE FOR HYDROGEN AND FUEL CELL TECHNOLOGY
EXPERIMENTATION (CNETHPC) is a new Spanish facility for hydrogen and fuel
cell research and development, created as a Consortium of the Spanish Ministry
of Education and Science and the Castilla-La Mancha Regional Government,
as a part of the implementation of the Spanish Roadmap of Scientific and
Technological Facilities.

The CNETHPC is devoted to scientific research and technology development in
all the fields related to hydrogen and fuel cell technologies, being at the service
of the national research and technology community and open to international
access and collaboration.

The Director reports to the Governing Council and is responsible for the
management of the construction and operation, and for maximizing its readiness
and effectiveness for scientific research. The Director takes care of the recruiting
and maintenance of high quality scientific, technical and administrative staff,
developing an annual budget for review and approval, and proposing the short-
and-long-range plans for the Centre.

Salary range and start date are to be negotiated.

Review of applications will begin on February 2008, and the recruitment will
continue until the position is filled with a proper candidate.

Additional information on the duties or any other aspect concerning the position
can be found at http://www.cnethpc.es. For any question or request, please
send an e-mail to sgpitgi@mec.es and cneh2pc@jccm.es.

mailto:ads@science-int.co.uk
http://www.hss.edu/research.asp
mailto:mrakv@hss.edu
http://www.chembiol.uni-konstanz.de
mailto:online@sciencecareers.org
http://www.cnethpc.es
mailto:sgpitgi@mec.es
mailto:cneh2pc@jccm.es
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Independent principal investigators

VIB is seeking to appoint up to 5 outstanding early stage independent investigators working
in emerging and interdisciplinary areas within or related to the life sciences. These include
but are not limited to systems biology, molecular imaging, computational and mathematical
biology, small animal and cell-based model systems, whole-genome analysis and translational
research.
The investigators will be appointed as independent Group Leaders with the option to be
integrated into suitable VIB Departments. They will be funded with a VIB grant of 2.0 M€,
to be spent in a 5-year period and renewable on a competitive basis.

Your opportunity

Eligible applicants have several years of postdoctoral research experience and have a
proven track record, comprising several publications in high impact journals. Applicants are
also capable of skilfully managing a research team. Applicants are expected to perform
research of the highest international standard to be published in the best journals in the
field. The results obtained through this research ideally have the potential for industrial

applicability.

For each group VIB will provide an overall grant of about 2 Million Euro, covering a 4-5
period. This grant is dedicated to start up and can be used flexibly to support the salary of
the group leader, a small team (4-5 people), including postdoctoral and/or postgraduate
researchers as well as dedicated technical support, lab equipment and consumables. The
candidate is expected to complement this budget through other national and international
grants and through industrial collaborations.

How to apply and time line

Full details of the call and guidance on submitting your application are available at
www.vib.be/jobs. Proposals should be submitted electronically, before 31st March 2008
to lieve.ongena@vib.be. A short list of applications will be selected on the basis of CV
and research program proposal. The corresponding applicants will be invited for interviews
and to give a seminar in VIB mid 2008. Final selection of the new projects is scheduled in
the summer of 2008. Selected candidates are expected to start their group in VIB within
a year after selection.

How to apply?

For more information on VIB, please consult our annual
reports and website (www.vib.be) or contact Lieve Ongena,
science policy manager at VIB.

e-mail: lieve.ongena@vib.be - tel. +32 9 244 66 11

VIB, the Flanders Institute for Biotechnology, is an entrepreneurial
research institute in Flanders, Belgium where 1.000 scientists and technical
staff conduct basic research in a number of life science domains. The annual
research budget is about 70 M€. The scientific mission of the institute is to
significantly push the frontline of life sciences by frequent scientific breakthroughs
and highly significant contributions. During the past years we have created an
environment that stimulates talent and excellence. The major ingredients
needed to provide such environment are a triggering critical mass of exciting
scientists, stimulating discussion, long-term and stable financing, state of the art
infrastructure and access to advanced central core technologies. VIB pursues
an active patent and licensing policy with the objective to translate research
results into products for the industry and the public at large. VIB also develops
educational material and provides information about life sciences to the public.

Start your own research team within the challenging environment of VIB

www.vib.be

mailto:online@sciencecareers.org
http://www.vib.be/jobs
mailto:lieve.ongena@vib.be
http://www.vib.be
mailto:lieve.ongena@vib.be
http://www.vib.be


The Salk Institute for Biological Studies, a

world class scientific environment and workplace

located in La Jolla, CA, has exciting

opportunities available for the following:

Postdoctoral Positions

There are two positions available: The first

position is to study how stem cells differentiate

into neurons by developing new technologies to

investigate the process on the molecular level.

This project is supported by the California

Institute for Regenerative Medicine. The second

position is to study the molecular mechanism of

synaptic vesicle exocytosis using genetically

encoded unnatural amino acids. Both positions

will be available for 12 months with the possible

extension of up to 4 years.

Candidates should have a recent Ph.D. (within

two years) and a strong background in cell

biology or molecular biology. Training in

molecular neurobiology and experience with

stem cells are highly desirable.

Please send CV, a brief statement of research

experience, and names of three references to:

Lei Wang, Ph.D., Chemical Biology and

Proteomics Laboratory, The Salk Institute

for Biological Studies, 10010 N. Torrey Pines

Road, La Jolla, CA 92037.

E-mail: lwang@salk.edu.

http://www.salk.edu/faculty/faculty_details.php?i

d=67. EOE.

Where Cures Begin

Assistant Professors
Tenure Track

Department of Biochemistry
and Molecular Biology
Wright State University

Boonshoft School of Medicine
and College of Science and Mathematics

TheDepartment of Biochemistry andMolecular Biology invites applications from outstanding candidates
for two faculty positions at the assistant professor level. This is the first wave of a faculty expansion
following the department’s recent move into the Matthew O. Diggs III Laboratory for Life Sciences.
These are tenure-track, nine-month appointments with competitive startup packages and the opportunity
to occupy state of the art research space. Applicants must have a Ph.D., M.D., or equivalent doctoral
degree, two or more years of postdoctoral experience and research interests that align with one of the
position descriptions below.Applicants are expected to establish funded, independent research programs
and participate in collaborative projects with current faculty. Candidates with research interests that build
on existing departmental strengths are particularly encouraged to apply.

The department currently consists of 10 full-time faculty actively engaged in research in the areas of
molecular genetics and biochemistry. Specific descriptions of the research interests desired for each
position are:

Position 08Y-MG: Assistant Professor in Molecular Genetics: The research interests of the suc-
cessful applicant will intersect with those of present faculty studying the regulation of gene expression
(Kadakia, Paietta, Paliy), oncogenesis (Berberich), genomics (Markey), or DNAreplication and genome
instability (Leffak, Liu).

Position 08Y-BCH: Assistant Professor in Biochemistry: The research interests of the successful
candidate will intersect with those of current faculty involving molecular bioenergetics (Prochaska,
Fleischman), metabolomics (Reo), or the molecular basis of protein function (Alter).

Please send a letter of application, curriculum vitae, a focused research plan, and the names and contact
information for three references to: Dr. Steven Berberich, Chair, Department of Biochemistry and
Molecular Biology,Wright State University, 3640 Colonel Glenn Hwy, Dayton, OH 45435. Indicate
in your cover letter the position for which you wish to be considered. Review of applications will begin
onMarch 10, 2008 and continue until the positions are filled. Please visit http://www.med.wright.edu/
bmb/ to learn more about the department, the university and the Dayton area.

Wright State University is an Equal Opportunity/ Affirmative Action Employer.
Candidates from groups underrepresented in academic science are strongly encouraged to apply.

Assistant/Associate/Full Professor in Microbiology/
Infectious Diseases

Tufts Cummings School of Veterinary Medicine, with well developed pro-
grams in biodefense/emerging infectious diseases, is seeking applications
from outstanding candidates for two faculty appointments at the assistant to
full professor levels. Individuals will strengthen and complement existing
programs in the Division of Infectious Diseases.Appointees will occupy the
state-of-the-art New England Regional Biocontainment Laboratory (RBL)
one of thirteen funded by the NIAID. The RBL, slated to open early 2009,
will have office and BSL3 space, as well as BSL3 vivarium inclusive of
aerobiology and insectary units. Candidates with continuous successful
history of NIH funding are sought, and will be expected to form the future
scientific and administrative leadership of the Division.

The Division is a dynamic group of approximately 70 including faculty, sci-
entists, laboratory and animal technicians, graduate students and administra-
tive staff. The Division currently occupies two buildings containing modern
laboratory facilities and equipment, and has access to diverse animal models,
small and large, housed under various biocontainment levels.

Currently funded research programs (by NIH, EPA, DOD, AWARF, Gates
Foundation and private sector) include: E. coli O157 and associated con-
ditions including HUS; cryptosporidiosis; microsporidiosis; botulinum
intoxication therapy; water/food safety and biosecurity; schistosomiasis;
tularemia and tick borne diseases; shigellosis; C. difficile; and enteric virol-
ogy. (www.tufts.edu/vet/biomed/infectious_diseases.htm)

Please submit a curriculum vitae, letter describing qualifications, high-
lighting relevant experience, administrative philosophy, and full contact
information for four references to: Saul Tzipori, Chair, Search Committee,
at saul.tzipori@tufts.edu. Application review will continue until positions
are filled. For questions, e-mail or call 508-839-7955.

Tufts University is an Affirmative Action, Equal Opportunity Employer.

DIRECTOR

HUMAN NUTRITION RESEARCH

PROGRAM

Applications are invited for Director of North Carolina
Central University’s newly created research programs
located in the UNC Human Nutrition Institute on the

North Carolina Research Campus (NCRC) at Kannapolis, NC. To learn
more about NCRC, please visit www.ncresearchcampus.net. The
successful candidate will report to the Director of NCCU’s Julius L.
Chambers Biomedical/Biotechnology Research Institute (JLC-BBRI).
Preference will be given to candidates whose research focuses on trans-
genic zebrafish modeling to study mechanism-based cancer prevention
using dietary or pharmaceutical agents.

Candidates will be expected to: have a strong track-record of extramural
funding and research productivity; develop collaborationswithNCRCand
other investigators studying nutrigenomics; have experience in graduate
student training; and provide scientific and administrative leadership for
all NCCU research projects/programs in nutrigenomics.Applicants must
hold a Ph.D. and/orM.D. andmeet requirements for a tenure-track faculty
appointment at the Associate Professor or Professor level in an NCCU
basic science department.

Review of applicants will begin immediately and will continue until the
position is filled. Applicants should submit by mail or email curriculum
vitae, a description of research interests, and contact information for three
references to: Connie Key, Julius L. Chambers Biomedical/Biotech-
nology Research Institute, North Carolina Central University, 700

George Street, Durham, NC 27707, Email: chkey@nccu.edu.

For more information about the BBRI and NCCU visit:
http://www.nccu.edu/BBRI

North Carolina Central University is a constituent institution of the
University of North Carolina System and an Equal Opportunity,
Affirmative Action Employer. NCCU complies with the Immigration

Reform and Control Act of 1986.

FACULTY POSITIONS

FACULTY POSITIONS POSITIONS OPEN
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Lymphoma Research
Massachusetts General Hospital Cancer Center

and Harvard Medical School

The Massachusetts General Hospital Cancer Center is seeking to
recruit an investigator with a strong research interest in the biology
and/or treatment of lymphomas. We seek outstanding individuals with
a strong ongoing research program in this area whowill be interested in
engaging bothwith physicians atMGHwith an interest in lymphoma, as
well as with the large community of scientists and physician/scientists
at the MGH Cancer Center. Candidates at any stage of their career are
encouraged to apply.Applications fromwomen andminority candidates
are strongly encouraged.

Candidates should submit a curriculum vitae including a full list of
publications and a brief statement of research interests to the address
below. Letters of reference may be sought at a later stage in this
process.

Lymphoma Search Committee

c/o Carol Ann Hannan

MGH Cancer Center

13th Street, Building 149, Room 7204

Charlestown, MA 02129

Applications must be received byMarch 15, 2008.

Massachusetts General Hospital and Harvard University
uphold a commitment to

Affirmative Action and Equal Opportunity.
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FACULTY POSITION IN

CARDIOVASCULAR BIOCHEMISTRY

DEPARTMENT OF BIOCHEMISTRY

AND MOLECULAR BIOLOGY

SAINT LOUIS UNIVERSITY

SCHOOL OF MEDICINE

Saint Louis University, a Catholic Jesuit institution dedicated to student
learning, research, health care, and service is seeking applicants for a faculty
position in the EdwardA. Doisy Department of Biochemistry andMolecular
Biology for a tenure-track position involving research and teaching at the
ASSISTANTPROFESSOR level, although outstanding candidates at amore
senior level will be considered. The department is housed in the E.A. Doisy
Research Center, a brand new state-of-the-art facility designed to foster col-
laboration between investigators. We seek applicants who use innovative
approaches in the areas of cardiovascular biology, metabolism and signaling.
Cardiovascular research is a growing focus area at the School of Medicine
with strengths in lipidomics, cell signaling, systems biology and molecular
basis of cardiovascular disease. We are interested in a highly interactive
candidate whose interests will complement ongoing research programs in
the cardiovascular sciences in the Department as well as the University.

The successful candidate is expected to establish a strong extramurally
funded research program. A potential for or demonstrated evidence of
competing successfully for external funding will be important criterion
for selection. Excellent start-up funds and salary are available. Interested
candidates must submit a cover letter, application and current curriculum
vitae to http://jobs.slu.edu. Additionally send current curriculum vitae,
description of research plans, and at least three letters of recommendation
to: Search Committee, c/oWilliam S. Sly, M.D., Chairman, EdwardA.
Doisy Department of Biochemistry andMolecular Biology, Saint Louis

University School of Medicine, 1100 South Grand Blvd., St. Louis, MO

63104-1028.

Saint Louis University is an Affirmative Action, Equal Opportunity
Employer, and encourages nominations and applications

of women and minorities.

Discover
Life + Science
... in the heart of North Carolina�s pharmaceutical discovery zone!

SCYNEXIS, Inc. is a dynamic company that delivers safe, effective and
innovative drug pipeline solutions. SCYNEXIS� continuous innovation has
opened new opportunities and therefore we seek the following highly
motivated and technically skilled scientists:

Insect Target Biologist, MS or PhD
Successful candidates will have a degree in biochemistry, molecular biology
or equivalent training and a background in insect physiology, neurobiology,
and/or toxicology with a proven track record in the development and
implementation of in vitro target-based, cellular, tissue and model organism
assays for compound discovery. Experience with genetic techniques is a plus.

Biochemist, BS or MS
Successful candidates will have a background in cell and molecular biology
and a proven track record in the development and implementation of in
vitro target-based, cellular and tissue assays to identify and validate novel
druggable targets. Experience in determining the mode of action of clinical
candidate compounds is required. An understanding of HTRF-FP-Alpha
Screen assay development, binding assays, and/or bioinformatics is a plus.

Bioanalytical Mass Spectrometrist, PhD
This position performs quantitative and qualitative LC-MSMS method
development and subsequent bioanalysis for small molecule or biotech
therapeutics in biological fluids or tissues. Method development includes
selection and optimization of sample extraction techniques. Successful
candidates will have a passion for innovation and achievement and will be
given developmental opportunities in pre-clinical pharmacokinetic study
design and data analysis.

Analytical Research & Development Leader, PhD
This leader will be responsible for developing and validating analytical meth-
ods in support of the development of active pharmaceutical ingredients
�APIs	. A PhD with 3+ years of experience in an industrial setting is required.
Candidates must have experience in HPLC and GC method development to be
considered. The ability to manage in a team environment and handle multiple
projects is a plus.

Parasitologist, BS, MS or PhD
This person will develop and validate assays, screen compounds in several
whole organism and target-based assays, maintain and trouble-shoot assay
instrumentation and procure and maintain parasitic organisms. Assimilation
and analysis of assay data including data collection, reporting and
presentation of results from in vitro and in vivo bioassays for the purposes
of compound progression conducted as part of the discovery of anti-parasitic
compounds is also a major function. Additionally, this scientist will plan and
execute external work with outside collaborators. Successful candidates will
have a degree in parasitology, biology or a related field or relevant
experience and a proven track record working with industrial collaborators.

Bioanalytical Scientist, BS
This position uses LC-MSMS to determine small molecule or potential
biotech therapeutics present in biological samples. Successful candidates
will have a sound understanding and practical experience with applied
LC-MSMS for quantitative analysis, ideally in support of in vitro and in vivo
DMPK studies and be experienced in quantitative analysis with a focus on
HPLC-based methods, and in performing quantitative LC-MSMS analysis.
Working to GLP and Pt11 compliance standards and experience using
Applied Biosystems triple quadrupole mass specs is a must. LC-MS/MS
method development experience is a plus.

DMPK Research Scientist, PhD
This person designs and leads in vivo discovery and pre-clinical DMPK studies
in lead optimization and candidate selection activities across therapeutic
programs in human and animal health, including developing protocols,
preparing dose materials, coordinating in-life activities with external facilities,
calculating PK parameters, and interpreting and reporting PK data to project
teams. Successful candidates will have a PhD in animal health, animal/human
physiology, toxicology or pharmaceutical science.

SCYNEXIS offers a competitive compensation and benefits program, including
a 401k with company match, relocation and stock options. Please send
cover letter and resume to: ushuman.resources@scynexis.com or mail to:
SCYNEXIS, Inc., Attn: HR, PO Box 12878, Research Triangle Park, NC 27709.
EOE

FACULTY POSITIONS
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FACULTY POSITIONS

ASSISTANT/ASSOCIATE PROFESSOR
Division of Pharmacology and Toxicology

University of Missouri, Kansas City
School of Pharmacy

The Division of Pharmacology and Toxicology
in the School of Pharmacy invites applications for a
12-month, tenured, or tenure-track position at the
Assistant/Associate Professor level. Applicants
should possess a Ph.D., Pharm.D., or M.D. in phar-
macology, neuroscience, toxicology, or a related
discipline. Preference will be accorded to applicants
with interdisciplinary research experience involving
neuroscience, pharmacogenomics, substance abuse,
or translational research; outstanding candidates
from other relevant areas are also strongly encour-
aged to apply. The successful applicant at the As-
sociate Professor level is expected to have a vigorous,
well-established, and externally funded research
program, and to provide instruction in the Doctor
of Pharmacy Professional Program and Dental
Pharmacology Program. The position includes ex-
cellent compensation, startup package, and compre-
hensive benefits. Application review will begin
immediately, and will continue until the position is
filled. All final candidates will be required to suc-
cessfully pass a criminal background check prior to
beginning employment. University of Missouri,
Kansas City (UMKC) is a comprehensive research
university exemplifying the values of education first,
innovation, accountability, diversity, and collabora-
tion. More about UMKC is at website: http://
www.umkc.edu, or go to website: http://pharmacy.
umkc.edu. Applicants should electronically submit a
cover letter and curriculum vitae with research plan,
and arrange to have letters from three professional
references e-mailed to:

Anil Kumar, Ph.D., Chair, Search Committee
Division of Pharmacology and Toxicology

University of Missouri, Kansas City
Health Sciences Building
2464 Charlotte Street

Kansas City, MO 64108-2718
Telephone: 816-235-2415
E-mail: kumaran@umkc.edu

UMKC is an Affirmative Action/Equal Opportunity
Institution.

The MIT Department of Mechanical Engineering
invites applications for a FACULTY POSITION in
the field of robotics, mechatronics, and dynamic
systems and control. The successful candidate should
have demonstrated abilities to conduct a strong re-
search program as well as to teach graduate and
undergraduate subjects in these areas. The field of
robotics, mechatronics, and dynamic systems and
control has entered a new era with advanced sensors,
actuators, materials, and communication technolo-
gy. Growing needs include autonomous mobile ro-
bots for energy exploration, security, defense, and
environment monitoring; advanced medical devices
and systems for surgery, rehabilitation, and elderly
care; and humanoids and home robots for home
automation, education, and entertainment. Appli-
cants must hold a Doctorate in a discipline related to
one or more of the above research topics.

Applications will be reviewed as soon as they are
received. Any applications received by April 1, 2008,
will receive full consideration. Applicants should
send curriculum vitae, a statement of research and
teaching interests, no more than five publications,
and contact information for at least three references.
E-mail applications are preferred; send to e-mail:
robotics-mesearch07@mit.edu in M.S. Word, PDF,
or plain text. Alternatively, send two copies of these
documents to: Chair, Robotics, Mechatronics,
and Control Search Committee, Massachusetts
Institute of Technology, 77 Massachusetts Ave-
nue, Room 5-214, Cambridge, MA 02139-4307.

See websites: http://web.mit.edu/ and http://
meche.mit.edu/.

MIT is especially encouraging minorities and women to
apply, because of its strong commitment to diversity in
engineering education, research, and practice.

MIT is an Affirmative Action/Equal Employment Oppor-
tunity Employer.

POSITIONS OPEN

IS SEARCHING for a RESEARCH
SCIENTIST

The Smithsonian Tropical Research Institute
(STRI), headquartered in the Republic of Panama,
is seeking world-class scientists to establish research
programs in any current field of marine or terrestrial
research, working anywhere in the tropics. These
fields include all biological sciences, anthropology,
archaeology, paleontology, geology, and soils science.
Ideally, research initiated by the successful applicants
will complement existing programs (see website:
http://www.stri.org). We are especially interested
in research on vertebrate biology, anthropology and
archaeology, paleontology, and climate change.

Panama and adjacent regions of tropical America
are rich in terrestrial and marine habitats, archaeo-
logical sites, and geological deposits. STRI maintains
sophisticated research laboratories, a library, and sup-
port centers, in Panama City, as well as diverse fa-
cilities for field research throughout the tropics. A
100-foot vessel is available for marine and coastal
research. STRI scientists maintain cooperative research
programs with a worldwide network of institutions.
Opportunities for mentoring young scientists are
available through a vigorous fellowship program, and
formal teaching is possible through programs with af-
filiated universities.

Applicants should have a Ph.D. degree and post-
doctoral research experience in their fields. Interested
candidates should submit a summary of research ac-
complishments and interests, curriculum vitae, five
significant reprints, and the names and contact in-
formation of three potential referees.

Annual salary is commensurate with experience.
Laboratory set-up and relocation expenses are pro-
vided. Housing and family education allowances may
apply. Spanish-English bilingual education is availa-
ble in some Panamanian schools, which follow inter-
national curricula and standards.

Review of applications will begin in April 2008.
Please send applications electronically to the:Director
of Smithsonian Tropical Research Insititute, c/o
Ms. Luz Latorraca, Office of Human Resources,
e-mail: latorral@si.edu. Address inquiries to: Dr.
William Wcislo, Chair, Search Committee, e-mail:
wcislow@si.edu.

STRI is an Equal Opportunity Employer and appointments
are made regardless of nationality.

POSTDOCTORAL POSITION in
CANCER RESEARCH

The University of Illinois at Chicago Cancer Center
is seeking a highly motivated Postdoctoral Fellow with
a Ph.D. in biochemistry, molecular biology, or close-
ly related biological sciences to conduct cancer re-
search. Experience in molecular genetic techniques
and cell culture systems desirable, excellent commu-
nication skills, and strong record of independent re-
search skills essential. For fullest consideration, send
resume, cover letter with a statement of research in-
terests, and names of three references by February 15,
2008, to: Ms. Dorothy Sholeen-Modrzyk, Univer-
sity of Illinois at Chicago Cancer Center, MC 700,
914 South Wood Street, Chicago, IL 60612, or
e-mail: cancer@uic.edu. UIC is an Affirmative Action/
Equal Opportunity Employer.

POSTDOCTORAL POSITIONS available im-
mediately to study the genetics and cell and molec-
ular biology of aging in yeast (e.g. see Aging Cell 6:
405, 2007). Send curriculum vitae and three ref-
erences to: S. Michal Jazwinski, Ph.D., Tulane
Center for Aging, Tulane University Health
Sciences Center, 1430 Tulane Avenue, SL-12,
New Orleans, LA 70112. Electronic applications
(e-mail: sjazwins@tulane.edu) will receive prompt
attention. Affirmative Action/Equal Opportunity Employer.

FACULTY POSITIONS

CHAIR
Department ofMedicinal and Biological Chemistry

The Department of Medicinal and Biological
Chemistry of the University of Toledo College of
Pharmacy invites nominations and applications from
a senior investigator with a distinguished record of
teaching and research to take on leadership of the
Department. The Department currently consists of
nine full-time faculty with a long history of compet-
itively funded research. Faculty research includes
fundamental problems of therapeutic drug design
as well as basic biological and chemical research to
reveal novel therapeutic targets. The Department has
M.S. and Ph.D. Programs in Medicinal Chemistry
with 25 to 30 graduate students. The faculty also
takes an active role in the B.S. Program in Phar-
maceutical Sciences and in the Pharm.D. Program.

Candidates must have a Ph.D. degree in medicinal
chemistry, biochemistry, or related field, and a track
record of scholarly activity commensurate with an
academic appointment at the rank of professor. The
successful candidate will be expected to maintain and
augment existing research and training programs
and to lead the Department during an era of growth
and development. There will be an attractive startup
package. For additional information about the
Department please visit our website: http://
www.utpharmacy.org/mbc-overview.asp. Forward
nominations or applications with current curricu-
lum vitae, and names and contact information of
not less than three references to: Dr. William
Messer, Chair of the Search Committee, The
University of Toledo College of Pharmacy, De-
partment of Pharmacology, 2801 West Bancroft
Street, Toledo, OH 43606-3390; telephone:
419-530-1910; fax: 419-530-1909; e-mail:
mbcchairsearch@utoledo.edu. Reference position
PCN 996685. The review of applications and nomi-
nations will begin March 1, 2008, and continue
until the position is filled. The University of Toledo is an
Equal Opportunity/Affirmative Action Employer.

IMMUNOLOGY ASSISTANT PROFESSOR
University of Minnesota

The Department of Laboratory Medicine and Pathol-
ogy in the University of Minnesota Medical School,
in collaboration with the Center for Immunology, is
seeking to hire a tenure-track faculty candidate.

Candidates should have experience, interest, and
demonstrated productivity in basic aspects of innate
or adaptive immunity, using either human or animal
models. Candidates must hold a Ph.D., M.D., or equiv-
alent degrees, and have at least three years of rele-
vant postdoctoral experience. The successful candidate
will be expected to develop an independent and inno-
vative externally funded research program, and will
have the opportunity to participate in the teaching
mission of the University. The goal is to broaden the
range of expertise and research programs within the
Center for Immunology.

Interested candidates can learn more about fac-
ulty interests, facilities, and educational programs at
websites for the Center (website: http://www.
immunology.umn.edu/), the Department (website:
http://pathology.umn.edu/), and the Microbiology,
Immunology, and Cancer Biology Graduate Program
(website: http://www.micab.umn.edu/).

Please submit curriculum vitae, cover letter de-
tailing your fit for the position, and the names and
addresses of three (or more if needed) references via
the University of Minnesota employment website.
Copy and paste the following into your web browser
and this will take you directly to the posting: website:
http://employment.umn.edu/applicants/Central?
quickFind068667. Alternatively you can go to the
employment website: https://employment.umn.
edu/applicants/jsp/shared/frameset/Frameset.
jsp?time01198012111653 and search for the req-
uisition number 152691.
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SYBR® Premix Ex Taq™

SYBR® Premix Ex Taq™ (Perfect Real Time)
delivers exceptional real time PCR results
quickly and easily.

• Easy-to-Use: convenient premix formula.

• Less Optimization: great for first screens.

• Versatile: use on any real-time PCR
instrument.

• Low CT Values: high sensitivity with
detection of as few as 10 copies.

• Precise Quantification: 2-fold difference
can be accurately detected.

• Fast: works with high speed qPCR
instruments.

Real Time PCR with Perfect Results

SYBR®Green

REAL TIME PCR

Also Available in a Premix for
TaqMan® Probe Detection

Accurate detection

of 2-fold difference,

using SYBR® Premix

Ex Taq™ with an

Applied Biosystems

7500 Real Time

System.

SYBR® is a registered trademark of Molecular Probes, Inc. Takara PCR Related Products
are sold under a licensing arrangement with Roche Molecular Systems and F. Hoffman
La Roche Ltd. and Applied Biosystems. Takara Bio’s Hot-Start PCR-Related products are
licensed under U.S. Patent 5,338,671 and 5,587,287 and corresponding patents in other
countries. *Takara Bio USA, Inc. is a division of Clontech Laboratories, Inc. Clontech
Laboratories, Inc. is a wholly owned subsidiary of Takara Bio, Inc. of Japan.

Visit our Website Today!

www.takara-bio.com

Europe:
Takara Bio Europe S.A.S.
+33 1 3904 6880
www.takara-bio.eu

Korea:
Takara Korea
Biomedical Inc.
+82 2 2081 2525
www.takara.co.kr

China:
Takara Biotechnology
(Dalian) Co., Ltd.
+86 411 8764 1681
www.takara.com.cn

USA:
Takara Bio USA*
888-251-6618
www.takarabiousa.com

Japan:
Takara Bio Inc.
+81 77 543 7247
www.takara-bio.com
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