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CHEMISTRY

Time-Resolved Dynamics in N,O, Probed Using High Harmonic Generation

W Lietal

Electrons can be ejected from multinle orbitals of N;O, by exploiting different stages

in its excited vibrations, yielding an attosecond light probe of molecular dynamics.
10.1126/science. 1163077

BIOCHEMISTRY

Structural Evidence for Common Ancestry of the Nuclear Pore Complex
and Vesicle Coats

S. G. Brohawn et al.

The protein complex that controls entry and exit from the cell nucleus shares a structural
element with vesicle coat proteins, suggesting that it is built around a lattice-like scaffold.

CONTENTS I

MICROBIOLOGY

BREVIA: Bat White-Nose Syndrome: An Emerging Fungal Pathogen?

D. 5. Blehert etal.

Bats that died en masse in New York state while they were hibernating were infected
with a cold-tolerant fungus.

10.1126/science. 1163874

CHEMISTRY
High Harmonic Generation from Multiple Orbitals in N,

101126lscience. 1165886 mckartand, 1. 2 Farrell, P. 4. Bucksbaum, M. Gilhr

LETTER: European Union and NIH Collaborate Electron ejection from mulfiple Nz orbitals, controlled by the molecule’s orientation

E. A Zerhouni and J. PofoZnik relative to a laser, produces atiosecond light spectra that can reveal molecular dynamics.
10.1126/science. 1167667 10.1126/science, 1162780

PERSPECTIVES CONTINUED... RESEARCH ARTICLES

Aneuploidy Advantages? 692 CELL BIOLOGY

E. Hernando  -> fies Aneuploidy Affects Proliferation and Spontaneous 703

A New Glance at Glia 693 Immortalization in Mammalian Cells

A. Reichenbach and T. Pannicke - tp. 744 . R. Williams et al.

Retrospective: George €. Palade (1912-2008) 695 Mouse cell lines carrying extra copies of one of four chromosomes

R WL Schekmén ) all show less cell proliferation and higher gene expression, but vary

o in how fast they become cancer-like cells. " 9

TECHNICAL COMMENT ABSTRACTS BIOCHEMISTRY

PHYSIOLOGY Structure and Molecular Mechanism of a 709

Comment on “Differential Rescue of Light- and 675 Nucleobase-Cation-Symport-1 Family Transporter
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BIOCHEMISTRY
Structural Insights inte a Circadian Oscillator
C. H. Jehnson, M. Egli, P. L. Stewart

BREVIA

MICROBIOLOGY
Wolbachia and Virus Protection in Insects

L. M. Hedges, . C. Brownlie, S. L O'Neill, K. N. Johnson
An endosymbiotic bacterium survives and spreads in populations of
Drosophita because it protects its insect hnsts from death caused by
certain RNA viruses.
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5. Weyand et al.

The structure of a membrane transporter in an open state suggests
thatin- and out-facing cavities reciprocally open and close
coordinated by two transmembrane segments.

REPORTS

PLANETARY SCIENCE

Magnetism on the Angrite Parent Body and the
Early Differentiation of Planetesimals

B. P. Weiss et al.

Atype of primitive meteorite Irom the earliest small bodies in the
solar system preserves remnant magnetism, implying that these
planetesimals had a convecting metallic core.

713

PHYSICS

The Role of Impulse on the Initiation of Particle
Movement Under Turbulent Flow Conditions

P. Diplas et al.

Entrainment of sediment grains lrom, say, a stream bed, by turbulent
Tlow depends not just on the magnitude of the applied fluid forces
but also on their duration.

717

MATERIALS SCIENCE

Molecular Confinement Accelerates Deformation of
Entangled Polymers During Squeeze Flow

M. D. Rowland et al.

When polymers are squeered at nanometer scales, the longest chains
unexpectedly flow more easily, even though in theory they should be
the most entangled. g

720
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GEOCHEMISTRY

Peptides Enhance Magnesium Signature in Calcite: 724
Insights inte QOrigins of Vital Effects

A. E. Stephenson et al.

Asimple hydrophilic peptide helps to regulate the magnesium
cantent of calcite in marine organisms, explaining a complication

in using this as an ocean thermometer.

GEOF
Trampoline Effect in Extreme Ground Motion 727
S. Aoi, T. Kunugi, H. Fujiwara

Upward ground acceleration in a recent earthquake in Japan reached
about four times that of gravity, as if the upper soil layer were
bouncing on a trampoline in the ground below.

1YSICS

ATMOSPHERIC SCIENCE

Tracing the Origin and Fate of NO, in the Arctic 730
Atmosphere Using Stable Isotopes in Nitrate

S. Morin etal.

Measurements of N and O isotopes show that nitrate in the high Arctic
i produced when spring sunlight oxidizes pollutants brought from
lower latitudes since the past summer.

ANTHROPOLOGY

Ages for the Middle Stone Age of Southern Africa: 733
Implications for Human Behavior and Dispersal

Z. Jacobs et al

Dating of the first use of symbols and jewelry in South Africa shows
that the emergence ol modern human behavior was not influenced by
just environmental factors.

EVOL \
Energy Uptake and Allocation During Ontogeny 736
C. Hou et al.

A model of how developing animals assimilate food and allocate and
store energy for maintenance, growth, and activity accurately predicts
data from mammals and birds.

ECOLOGY

Experimental Evidence for Spatial Self-Organization 729
and Its Emergent Effects in Mussel Bed Ecosystems

1. van de Koppel et al.

Interactions among individual mussels result in large-scale spatial
patterns in mussel beds that are beneficial to the population—by
promating secondary production, for example.

ECOLOGY

Natal Homing and Connectivity in Atlantic Bluefin 742
Tuna Populations

J. R. Rooker et al.

Isotopes in the ear bones of tuna reveal that two populations—Irom
the Gulf of Mexico and the Mediterranean—mingle in the Atlantic as
adolescents but return home fo breed.

CONTENTS

NEUROSCIENCE

Glia Are Essential for Sensory Organ Function in a4
C. elegans

I Bacaj, M. Tevlin, Y. Lu, 5. Shaham

Nonneural glial cells are required for the normal operation of the
main sensory organ of a nematode, influencing neuranal shape and
function, as well as behavior. 693

GENETH
HARP Is an ATP-Driven Annealing Helicase 748
I Yusufzat and J. T. Kadonaga

The gene deleted in a complex genetic disease is a reverse helicase,
a motor-like enzyme that uses adenosine triphosphate to zip up
separated strands of DNA.

MOLEC BIOLC
Polycomb Proteins Targeted by a Short Repeat RNA 750
to the Mouse X Chromosome

1. Zhao, B. K. Sun, J. A. Erwin, J.-. Song, ] T Lee

Asmall RNA cleaved from a larger precursor recruits silencing
proteins to the X chromosome to inactivate it in female mammals,
which have an extra copy.

IMMUNOLOGY

Deletion of Trpm7 Disrupts Embryonic Development 7564
and Thymopoiesis Without Altering Mg?* Homeostasis

J. Jinetal.

Acation channel that conducts both Ca?* and Mg?* is unexpectedly
required for normal mouse development, specifically for proper
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Viagra Stands Firm Against Muscular Dystrophy
Famous anti-impotence pill might compensate for
muscle-weakening enzyme deficiency.

Thanks for Erasing the Memories

Combination of genetic engineering and drugs wipes out
specific memornies in mice.

Not Your Garden-Variety Tomato
Researchers engineer cancer-fighting purple tomatoes.

Enthusiasm for virology.

SCIENCECAREERS
www.sciencecareers.org/career_development

The Pathways to Independence Award: Early Returns

5. Carpenter

NIH's new transition awards program seems to be achieving its goal.
The Other Life Sciences Industry

C. Mintz

The medical devices and diagnostics industry is underappreciated
asa life sciences career destinatian.

A Virologist With a Contagious Enthusiasm

E. Pain

Frenchvirologist Ali Saib is praised for his research achievements
and efforts to attract a diversity of people to science.

Programming macrophages to fuse.

SCIENCE SIGNALING
&.‘n‘-.'mi(l:ﬂfcle;w?nahng.‘nr‘g‘ , From the Archives: Lab Dynamics—Science at the Balcony
C. M. Cohen and S, L. Cahen

RESEARCH ARTICLE: Essential Role of DAP12 Signaling in Hew you discuss content or data can be as important as the content
Macrophage Programming into a Fusion-Competent State or data itself.

L Helming, £. Tomasello, T. R. Kyriakides, F. O. Martinez,

T. Takai, 5. Gordon, E. Vivier

Signaling through the DAP12 adaptor triggers a gene expression

profila that makes macrophages competent to fuse and farm

multinucleated giant cells.

PROTOCOL: High-Resolution Imaging of Redox Signaling in
Live Cells Through an Oxidation-Sensitive Yellow Fluorescent
Protan . ) SCIENCEPODCAST

G. Maulucci, V. Labate, M. Mele, E. Panieri, G. Arcavito, wiwscien cemag.arg/multimediapodcast
I. Galeotti, H. Bstergaard, J. R. Winther, M. De Spirito, G. Pant FREE WEEKLY SHOW

Measure and visualize intracellular changes in the redox state.
JOURNAL CLUB: The HIF-10-C/EBPo: Axis

H. P. Janardhan

Interactions between HIF-1a and C/EBPo: may mediate reciprocal
functional effects.

Download the 31 October
Science Podcast to hear about
how the bacterium Wolbachia
protects insects from
- - virus-induced death,

PODCAST ) — academic freedom in China,

R. tinding and A. M. VanHook and more.

Rune Linding explains how combining NetPhorest with a genetic

screen enables researchers 1o gain insight into the relationships e e

ameng the identified players.
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Clocking Clock Components
Like most cells and organisms, cyanabacteria
contain a circadian clock that helps to optimize
its metabalism for the daily cycles of light, dark,
and temperature. This clock can be reconstituted
in vitra with just three protein components—
KaiA, KaiB, and KaiC. Johnson et al. (p. 697)
review how the high-resolution structures of
these proteins show that their interactions result
in confi ional changes and phasphorylation
events over a 24-hour period, Sequential phos-
pharylation of two amino acids in KaiC may be
enforced by the structure of the protein, causing
a built-in ratcheting mechanism that drives the
oscillator unidirectionally. Thus, the structural
features of the three essential clock companents,
combined with biochemical and biophysical
data, reveal molecular mechanisms of biological
timekeeping.

Getting Angrite

Angrites are a type of primitive metearite from

stream, In general this has been modeled by
considering the time-average boundary shear,
which is connected to the maximum force
impacts on the particles. Diplas et al. (p. 717)
show that this criterion is not sufficient, and that
instead one should consider the impulse, which
is a combination of the force and duration, in
determining sediment motion.

Lithographic Liquids

The ability to use polymers for nanometer-scaled
imprint lithography depends on being able to
control their flow and final dimensions as they
are squeezed into shape. One might expect that
longer polymers would akways show the highest
viscasities, because they can form the greatest
number of entanglements, and that increasing
the applied strain should act on all molecular
sizes in a similar way. Rowland ef al. (p. 720,
published online 2 October; see the Perspective
by Soles and Ding) studied a series of poly-
styrene polymers compressed by a flat rigid die
and ob: d unusual, nonlinear behavior for

some of the earliest formed pl s in our
solar system. Weiss et al. (p. 713) show that
angrites preserve a remnant magnetic field that
was probably generated internally. These fields
were perhaps as large as 20% of that of Earth.
Thus it seems that, even in these small primitive
bodies, a molten iran core formed rapidly after
the formation of the solar system.

Sediments in Motion

Many madels of Earth surface dynamics employ
some criteria for determining the conditions that
lead to particle entrainment, when oscillating or
flowing objects move in step together. An exam-
ple of this is the disladging of particles from a
sedentary bed into a mildly turbulent flowing

CREDITS [TOP TO BOTTOM): WEVAND ET AL ; SAMUEL MORIN

the thinnest films, where the dimensions of the
film approach the uncanstrained dimensions of
the palymer chains. Thus, at the smallest dimen-
sions, it may be easiest to process very long
palymers, which may provide the best litho-
graphic resalution.

NO

mmozéheri: nitrogen oxides (NG, + NO, collec-
tively referred to as NO,) are important in the
environment, where NO, is a precursor for
nitrate, an essential macronutrient for plants,
as well as in the atmasphere, where they are
important components of the ozone cycle and
particle formation. Although much attention has

EDITED BY STELLA HURTLEY

A 5

<< Transporter in Action

Secondary active transporters couple transport of substrate to an ion
gradient. Transport is proposed to occur through an alternating access
mechanism in which a substrate binding site located toward the center
of the protein has alternating access to either side of the membrane.
Structures of two secondary transporters, the leucine transport protein
LeuT and the galactose transport protein vSGLT, are available, but in
both structures the substrate is occluded from both sides of the mem-
brane. Now Weyand et al. (p. 709, published online 16 October)
report outward facing open and substrate-bound occluded conforma-
tions for a nucleobase transporter. Comparison of the outward facing
conformations with the inward facing substrate occluded conformation
of vSGLT suggests a structural model for how alternate opening and closing of
inward and outward facing cavities is achieved.,

been paid to regulating the emission of NO,, its
atmospheric concentration is increasing glob-
ally, even in very remote regions, due to contin-
ued and increasing emissions in
some parts of the world and long-
range transport. Morin et al.

(p. 730) present results of isctapic
measurement of N and O in atmo-
spheric nitrate from the High Arctic,
which reveal how a combination of
transport and springtime photo-
chemical emissions of reactive nitro-
gen from the snowpack produce an
overwhelming flux of NO,. This is
important in the process of evaluat-
ing pollution threats to the air qual-
ity and ecosystems of that region
and for understanding the potential impact on
climate and biodiversity.

Emergence of Modern
Human Behavior

The time and rate at which modern humans colo-
nized the planet, and the interactions that they
had with the indigenous biota, remains a source
of continuing debate. Jacobs et al. (p. 733}
report new and precise ages for two shart-lived
bursts of technological innovation associated with
the emergence of madern human behavior during
the southern African Middle Stone Age. These key
archaeological events cannot be explained by
environmental factors alone, but were contempa-
raneous with—and may have catalyzed—the pre-
historic expansion of human populations within
Africa and the first successful exodus of people 80
to 60 thousand years ago.

Continved on page 647
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This Week in Science

Continued from page 645

Tuna Mix

Bluefin Tuna are split into two populations. The western population spawns in the Gulf of Mexico and the
eastern papulation spawns in the Mediterranean Sea. The western population is in a particularly vulnera-
ble state, and conservation management zones that are currently arbitrarily demarked by 45°W longitude
do not seem to be alleviating the population decline. In an attempt to find out why tuna management is
ineffective, Rooker et al. (p. 742, published online 2 October) have taken cores from ofoliths in the
fishes’ ears and measured carbon and oxygen isatope ratios to abtain a chemical signature characteristic
of the fishes’ birthplace. Adolescent fish from bath populations, oblivious to the 45°W management
baundary, mix on their extensive migrations to feed in the Atlantic Ocean. As the tuna mature they exhibit
a strang tendency ta return, like salmon, ta their birthplace to spawn. Unexpectedly, the waters around
the Gulf of Maine and St. Lawrence were refugia for mature adults from the western population, which
may have implications for revising tuna management across international boundaries.

Mussels and Self-Organization

The concept of spatial self-organization, where small-scale interactions between individual organisms
drive large-scale spatial patterns, is the main explanation for caherent spatial patterns in a wide range
of terrestrial and aquatic ecosystems. Van de Koppel et al. (p. 739) present an experimental test of the
mechanisms underlying spatial self-organization in an ecosystem—mussels on the seabed. Regular spa-
tial patterns emerge in a mussel bed under experimentally controlled conditions, which modeling sug-
gests arise from interactions between individual mussels. A subsequent field study showed the pasitive
effects of self-organization on ecosystem-level processes, in particular, secondary production and resist-
ance to wave disturbance, pointing to the need for conservation of spatial structure within ecosystems.

Of Glia and Senses

Sensory organs are the main canduit by which an ani-
mal perceives its environment, and these organs have
been remarkably conserved in anatamy, morphology,
and molecular biology from Caenarhabditis elegans to
humans. Ta explore the role of glial cells in sensory
perception Bacaj et al. (p. 744; see the Perspective by
Reichenbach and Pannicke) examined their func-
tions in the amphid, the largest C. elegans sense
organ, and revealed essential functions for glia in reg-
ulating neuronal morphalogy and activity. The sheath
glial cell of the amphid is required for several func-
tional aspects of the ensheathed sensory neurons.

HARPing On

The complementarity of DNA and RNA is of great utility for the conveyance of genetic information, as
well as (mainly in the case of RNA} the formation of secondary and tertiary structure critical for function.

still, for the information to be read, ar the structuresto be bled or di bled, the base-paired
strands of nucleic acid need to be pulled asunder. This feat is carried about by a ubiquitous class of
enzymes known as helicases. Yusufzai and Kadonaga (p. 748) have now characterized precisely the
opposite activity, a human enzyme, HARP (HepA-related protein), a distant member of the SNF2 family
of ATP-driven molecular motar proteins, that uses ATP to zip up stably separated strands of DNA. Muta-
tions in HARP result in Schimke immuno-osseous dysplasia, a fatal autosomal recessive disorder. In
patients, the severity of the disease correlates with the loss of reverse helicase activity of the enzyme.

TRPM7 and T Cell Development

The transient receptor potential melastatin-like 7 (TRPM7) protein is a membrane ion channel that
conducts Ca* and Mg?* ions. Its physiological role has been proposed to be essential for Mg?* uptake
and homeostasis of Mg?* concentrations in whole animals. To examine the physiological roles of the
channelin vivo, Jin et al. (p. 756) studied mice in which the channel was specifically depleted from
the T cell lineage. The results suggest that TRPM7 is required for a developmentally important step in
thymic maturation of T cells.
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Protein Ex/Em (nm) Brightness*
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* Brightness, % of EGHP
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Wen Jiabao is Premier
of the State Council of

the People’s Republic
of China.*

Science and China’s Modernization

THE HISTORY OF MODERNIZATION 15 IN ESSENCE A HISTORY OF SCIENTIFIC AND TECHNOLOGICAL
progress. Scientific discovery and technological inventions have brought about new civiliza-
tions, modern industries, and the rise and fall of nations. China is now engaged in a moderniza-
tion drive unprecedented in the history of humankind.

Over the past half century, China has made great achievements in basic science and techno-
logical innovation. It now ranks among the top nations in the annual number of papers published
internationally and patent applications filed. China has also made achievements in such areas as
manned space flight, high-performance computers, super-large-scale integrated circuits, and
third-generation telecommunications technelogy. High-tech industry has experienced rapid
growth, accounting for over 15% of the manufacturing industry.

Francis Bacon, the 16th-century English philosopher, referred to science as a means to
improve humankind’s lot. Today, the hybrid rice variety developed by =
Chinese scientists has been adopted for planting in over three million -
hectares and has become a “golden key” to meeting China’s own food
needs and boosting world cereal preduction. Scientific and technologi-
cal development in the realm of health has also increased average life
expectancy in China to that in developed countries.

To encourage further innovation, the Chinese government has formu-
lated a Mid- to Long-Term Plan for Development of Science and Tech- |
nology (2006-2020), which highlights research in the basic sciences and
frontier technologies, with priority given to energy, water resources, and
environmental protection. We strive to develop independent intellectual
property rights in areas of information technology and new materials, |
while strengthening the application of biotechnology to agriculture, *
industry, population, and health.

The future of China’s science and technology depends fundamentally on how we attract,
train, and use young scientific talents today. Thus, at the core of our science and technology pel-
icy is attracting a diverse range of talents, especially young people, into science and providing
them with an environment that brings out the best of their creative ideas.

In the field of science and technology, we will intensify institutional reform, restructure sci-
entific research, rationally allocate public resources, and enhance innovation capability. We
advocate free academic debate under a lively academic atmosphere, where curiosity-driven
exploration is encouraged and failure tolerated.

Science has no boundaries. China’s endeavors in science and technology need to be more
integrated with those of the world, and the world needs a China that is vibrant and able to deliver
more in science and technology. Just as collisions generate sparks, exchange and communica-
tion enrich imagination and creativity. Many Chinese scientists have stepped into the interna-
tional academic arena, where they and their foreign colleagues learn from each other and jointly
contribute to the worldwide development of science and technology.

To encourage the learning and application of science among the general public, we need to
embrace a scientific culture by promoting scientific rationality while cherishing Chinese cul-
tural heritage. Enlightened by science, the rich and profound Chinese culture is bound to shine
more gloriously.

1 firmly believe that science is the ultimate revolution. At a time when the current global
financial turmoil is dealing a heavy blow to the world economy, it has become all the more
important to rely on scientific and technological progress to promote growth in the real econ-
omy. Economic and social development must rely on science and technology, and science and
technology must serve ic and social devel 1t. We will rely on science and technol-
ogy to promote economic restructuring, transform development patterns, safeguard food and
energy security, and address global climate change. We are confident that China will reap a rich
harvest in science and technology and that this will have positive and far-reaching effects on
human civilization and the well-being of humankind. —Wen Jiabao

10.1126/science. 1166843

* See Seience’s interview with Wen Jiabao, 17 October 2008, p. 362.
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CHEMISTRY
Catch, Kill, and Release

During the implantation or insertion of medical devices such as catheters, pathogenic microbes
may be introduced into the patient. Once implanted, microbes may attach to the surface of the
device to form a biofilm, a common cause of device failure. To overcome these problems, several
strategies have been used to create coatings that are either antimicrobial or nonfouling. Cheng
et al. now report a coating that combines both properties, switching from antimicrobial to non-
fouling upon hydrolysis. Specifically, they apply a poly(methacrylate) derivative with cationic side
chains that become zwitterionic upon conversion of a terminal ester to a carboxylate. Within 1 hour
of exposure to the initially prepared coating, 99.9% of attached Escherichia coli bacteria were
dead. Over the course of the next 2 to 8 days, the coating slowly hydrolyzed, releasing 98% of the
dead micrebial cells. The nonfouling nature of the hydrolyzed coating prevents further attachment
of microbial cells and formation of a biofilm. By tuning the hydrolysis rate of the coating, it should
be possible to adapt it to a range of applications in implantable medical devices. — JFU

Angew. Chem. Int. £d. 47, 10.1002/anie. 2008035 70 (2008).

PHYSICS
Purifying X-ray Pulses

cavity, with the output period of the pulses an

However, it has been difficult to contral the

the order of the return transit time of the cavity.

Static structural information on solids is now
routinely obtained in exquisite detail using
coherent x-rays at synchrotron facilities. Prob-
ing of the dynamics of structural and electronic
phase transitions can also be achieved using
pulses of x-rays on the relevant time scales—
picosecand and femtasecond—but the genera-
tion of such x-ray pulses is not trivial and the
techniques are still under development. The
usual route to obtain pulses of light is to use a

“*Helen Pickersgill and Chris Surridge are lacum editors
in Science’s editarial department.
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phase of the cycling x-rays within the cavity,
leading to incoherent pulses. Based on the prin-
ciple of reflection and trapping within the cav-
ity, but using diffraction from crystallographic
planes of silicon, Chen et al. have developed a
Fabry-Perot type of cavity for x-rays. They
d the ability to in caherence
and form standing waves within the cavity,
obtaining promising results toward the goal of
obtaining a high-brightness source of quasi-
coherent x-ray pulses for probing the dynamics
of structural and electronic transitions. — 150
Appl. Phys. Lett. 93, 141105 (2008).

ECOLOGY
Early Life Experiences

The decline of Columbia River salmon may be
one sign of the human impact on fisheries, and
it has been argued that some of the Columbia
River dams should be removed in arder ta
reduce the hazards encountered by salmon
smolts as they make their way from the spawning
grounds to the sea. In order to assess migration
losses in the Thompson-Fraser (which is not
dammed) and the Snake-Columbia (which is)
river systems in North America, Welch et af.
measured the survival rate of Chinook and steel-
head smolts with implanted acoustic tags. Sur-
prisingly, their data suggest that the survival
rates of juvenile fish making these journeys are
comparable; in fact, they are somewhat higher in
the hydraelectric power—generating portion of
the Columbia. Twa corollaries to be examined are
(i) whether the Fraser River imposes an unidenti-
fied toll an juvenile survival, and (ii} whether the
transit through the systems of dams exacts a
later cast in terms of ocean mortality, — LMZ
PLoS Biol. 6, €265 (2008).

ECoLoaY
A Diversity of Consumers

The vulnerability of coral reefs to human interfer-

ence has become only too apparent. Caribbean

reefs in particular have been battered by climate

change, overfishing, and the excessive growth of

seaweed (macroalgael). In order to isolate a key

factor that improves reef health even under envi-

ronmental challenge, Burkepile and Hay

carralled herbivoraus parrotfish

and surgeonfish, alane and in

combination, in cages on

reefs off the Florida Keys.

The autcomes: No fish,

and seaweed takes over;

add twa fish species,

and the algae are kept

under control and coral

cover increases. Alongside

ocean surgeonfish, the red-

band parrotfish were particu-

larly effective consumers of early algal

colonizers because the surgeonfish removed the

less abundant species of algae that the parrotfish

found distasteful. Not all parrotfish were the same:

Princess parrotfish preferred the mat-forming sea-

weeds, and redbands grazed the taller species.
Continued on page 653

Ocean
surgeon fish.
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Continued from page 651

These experiments underline the importance of
grazer diversity to coral reef health, especially in
the Caribbean. — CA

Proc. Natl. Acad. Sci. U.5.A. 105, 16201 (2008).

BIOPHYSICS
Swimming in Sand

Several species of lizard are capable of traveling
for long distances beneath the surface of desert
sands. Most have very reduced, or even absent,
limbs and adopt a serpentine motion akin to the
swimming of water snakes. In contrast, the sand-
fish lizard (Scincus scincus) of North Africa and
the Arabian peninsula has well-developed limbs
that it was assumed were held tightly against its
bady when moving through sand.

Baumgartner ef al. used nuclear magnetic
resonance imaging to observe sandfish move-
ment directly and found that they actually propel

themselves with their limbs. Unlike a swimming
snake, which drives its near-stationary head for-
ward with sinusoidal movements of its body that
increase in amplitude toward its tail, the whole
body of the sandfish underwent sinusoidal oscil-
lations with a frequency of 3 Hz and an ampli-
tude of around half its body length. The oscilla-
tions of the lizard's bady act to fluidize the sur-
rounding sand, an effect well known to engi-
neers dealing with granular media. Using a
vibrating metal rod of similar dimensions to a
sandfish, the authors confirmed that the resist-
ance to motion through dry sand dropped dra-
matically when horizontal ascillations were faster
than 2.5 Hz, Within this localized volume of flu-
idized sand the sandfish swims by paddling its
fore and hind limbs in synchrony with the flexing
of its body. — (5*

PLoS ONE 3, e3309 (2008).

DEVELOPMENT
Giving a Twist to Twist

Cells initiate and are subject to a great many
morphogenetic movements—such as migra-
tion, stretching, and invagination—during
early embryogenesis. The mechanics at play
when cells shuffle around may serve not only to
get them to the right place at the right time but
also to regulate gene expression.

Desprat ef af. tested this idea using physical
means to mimic deformation forces during
early gastrulation in Drosophila. In wild-type

EDITORS'CHOICE

embryos, the expression of Twist increases when
stomodeal cells are compressed during germ
band extension. After experimentally eliminat-
ing the natural compressing forces by ablating
the most darsal cells, the authors mechanically
perturbed the embryos either by using a needle
to create a 20-pm indentation or by using mag-
netic tweezers to apply a force of 60 nN to a
ferrafluid injected just before cellularization
(and then captured by the newly formed
anterodarsal cells). At the molecular level,
reproducing stomodeum compression via these
mechanical manipulations resulted in the
nuclear localization of Armadillo, which led to
elevated Twist expression that in turn was nec-
essary for differentiation of the fly midgut.
These results demonstrate the potential that the
experimental manipulation of tissue deforma-
tion holds for the study of molecular and physi-
ological responses, — BAP

Dev. Celf 15, 470 {2008).

CELL BIOLOGY
Talking About Stress

Cells encounter many different forms of stress
and have evolved a variety of methods to deal
with them. They tackle relatively minor stresses,
such as excessive heat or insufficient oxygen
(hypoxia}, by forming cytoplasmic stress gran-
ules, which prevent the accumulation of defec-
tive proteins that can irreparably damage the
cell. However, some stresses, including x-rays
and DNA-damaging agents, are insurmountable,
and the cell acknowledges defeat by killing itself
in a process called apaptosis. This is triggered via
the intracellular signaling cascades known as the
stress-activated p38 and JNK MAPK (SAPK) path-
ways. Whether and how these two mechanisms of
stress management are connected was unknown.

Arimoto et al. find that the formation of
stress granules in response to minar stresses
specifically inhibits the SAPK-mediated cell
death response, indicating a connection
between the two pathways. They found that the
signaling scaffold protein RACK1 is required for
the apoptotic response by binding directly to a
protein in the SAPK pathway. However, during
minor stresses RACK1 becomes sequestered
within the cytoplasmic stress granules, thereby
inhibiting apoptosis. The authors also showed
that when cells are exposed to both types of
stresses simultaneously, SAPK-mediated apopto-
sis is blocked. This mechanism of cross talk
between two stress-management pathways
could explain in part why cancer cells, which live
under the constant minor stress of hypoxia, are
resistant to apoptosis induced by radiotherapy
and chemotherapy. — HP*

Mat. Celi Biol., 10.1038/ncb1791 (2008).
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A Bank for

Psychologists at the University of Hertfordshire, U.K., last week unveiled what they are billing as
“the world's most relaxing room.” The 160-square-meter space, bathed in green lights with an
artificially lit blue sky, is furnished with soft mats and lavender-scented pillows “to create a relax-
ing environment with no sense of threat,” explains the project’s mastermind Richard Wiseman.

The design is based on research on the effects of light, scent, and music in relaxation, “Cold
colors such as blue and green tend to be perceived as calming, whereas warm colors can be per-
ceived as arousing,” explains Birgitta Gatersleben, an environmental psychologist from the
University of Surrey in Guildford, U.K. Lavender is said to reduce anxiety and induce sleep by
lowering the levels of the stress hormone cortisal. The room also features specially composed
music with a slow, steady beat and low-frequency tones.

So far, the room’s 200 visitars have given it mixed reviews. “Some peaple absolutely love
it and can't have enough of it,” Wiseman says. “But peaple who thrive on and need stress to
work absolutely hate it.”

The project was designed to be easy to replicate in offices and other real-life environments.
“I would like ta see relaxation rooms in public spaces,” Wiseman adds. “If we pay 20p to use a
toilet in King's Cross train station, why not pay for 20 minutes of peace?”

Sciences and the U.K.'s Kew Millennium Seed
Bank Project (MSBP), will preserve seeds from

China’s Wild Plants

A new seed bank, occupying vaults under
China's Kunming Institute of Botany, opened
this week in Yunnan Province. The Southwest
China Germplasm Bank of Wild Species, a
joint project of the Chinese Academy of

some 4000 species of endemic Chinese plants,
including many threatened species.

This is especially important for Southwestern
China, which is “increasingly under threat from
agricultural and industrial development,” says
Hugh Pritchard, head of research at MSBP.

VISAMP

EDITED BY CONSTANCE HOLDEN

Whipping Up
a Diagnosis

Take a $2.50 hand-cranked eggbeater, remove
one rotor, and you've got a centrifuge that can
help health workers diagnase diseases in poor
countries, Harvard University chemist George
Whitesides and colleagues write in a paper pub-
lished online this month in the journal Lab on @
Chip. Some diagnostic tests—such as for hepati-
tis B—use plasma, the liquid component of
blood. Plasma is usually prepared by removing
cells from the blood in
a centrifuge, but such
machines are expen-
sive and use electricity.

So the Harvard
team put 100 milli-
liters of blood in a
short piece of very thin
polyethylene tubing,
sealed both ends by
melting them over a
candle flame, and
taped the tube to the
eggbeater’s rotor. When cranked at a comfort-
able speed, the contraption separated cells from
plasma in about 10 minutes. Very little plasma
is required for most tests, so a few minutes of
“beating” is usually enough, says co-authar
Malancha Gupta. Furthermore, you can tape as
many as 20 samples at time to the rotor.

The idea isn't entirely new, says Bart Knols, a
malaria researcher at Wageningen University in
the Netherlands; one previously proposed cen-
trifuge was inspired by a children’s game involv-
ing spinning a button with threads.

RETURN OF THE
POPULATION BOMB

At a time when some developed nations
are paying citizens to bolster flagging birth-
rates (Science, 30 June 2006, p. 1894), a
grass-roots group of scientists and environ-
mentalists is calling for a new push to limit
human numbers.

Overpopulation is threatening life as we
know it on the planet, say members of a
movement called Global Population Speak
Out (http:#gpso wardpress.com/), which aims
to persuade at least 50 "respected voices” to
“speak out in some way" about the problem
for a month next year.

“The hope is to concentrate these informed researchers’ messages
about population during the month of February so we can make a bit of

WORLD POPULATION GROWTH
2000 - 6 billion _

1987 -5 billion
1975 -4billion
1960 - 3 billion

1930 - 2 billion

1800 - 1 billion
=_—="
5 mitkiont 250 million
10,000 B.C.E. 1000 B.C.E. Ve;lr 1 2000

a dent in this taboo” surrounding the subject,
says the movement’s arganizer John Feeney,
an environmental writer in Boulder, Colorado.
Global population, now at about 6.7 billion,
is expected to reach 9.1 billion by 2050,
says Feeney, and that's the United Nations’
“medium” projection.

Sa far, Feeney says 46 peaple have pledged
to speak out or endarse the mavement, includ-
ing botanist Peter Raven, director of the Missouri
Botanical Garden in St. Louis; Cornell University
entomaologist David Pimentel; and entomologist
Paul Ehrlich of Stanford University in Palo
Alto, Califarnia, author of the 1968 book The
Paopuiation Bomb. Although some of Ehrlich’s
most dire predictions haven't come to pass,
others—namely, mass extinctions, as well as

harrors he didn't mention, such as destruction of rainforests and coral
reefs from climate change—appear to be well under way.
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~ Two Cultures

GLASSY COSMOS. When Josiah
McElheny, a New York-based
glass artist, told Ohio State
University, Columbus, cosmolo-
gist David Weinberg that he
wanted to create sculptures
depicting the history of the uni-

verse, Weinberg’s first reaction

was: “Good luck. It’s hard enough
trying to convey that in an hour to an
undergraduate class” But Weinberg

soon overcame his skepticism and has
spent the past 4 years helping McElheny with

two pieces that went on display this month at the
‘White Cube in London and the Andrea Rosen Gallery in New York City, respectively.

The sculptures, Island Universe and The End of
The Dark Ages, show galaxy clusters and quasars
at different times in the universe’s history. The
details mirror trends predicted by cosmological
equations: “The earliest [closest in] galaxies are
small disks in groups of one to three; farther out,
there is a shift towards larger galaxies, more ellip-
ticals, and larger clusters,” Weinberg says. The
works “don’t wear their intellectual depth on their
sleeve.” he adds. “Butif you spend time with them,

you can tell that it is there.”

MOVERS

WIDER VIEW. After 14 years leading the
Joint United Nations Programme on HIWAIDS
2 (UNAIDS) in Geneva, Switzerland, epidemiol-
ogist Peter Piot has decided to head the new
Institute for Global
Health at Imperial
College London.

Piot says the insti-
tute, which at this
point has only core
funding from the
school, will reach
beyond the tradi-
tional global health
realms of epidemiol-
ogy and infectious
diseases. He envi-
sions the institute as a "hub” for researchers
from the school's pregrams in public health,
business, and engineering. He also hopes to
explore how economic development can lead
to changes in health by, for example, chang-
ing dietary habits. “India may soon have the
largest number of overweight people and mal-
nourished people in one country,” says Piot.
“How do you deal with it?"”

Piot, who plans to start the job in May, will
conduct research himself at the institute and
will recruit some new faculty, U.N. Secretary-
General Ban Ki-moon is expected to choose
Piot's replacement from among a list of three
candidates presented to him this week.

The European University Association (EUA)
has elected Swiss legal scholar and

former university administrator Jean-Marc
Rapp as its new presi-
dent. Rapp, a former
rector of the Univer-
sity of Lausanne,
Switzerland, is cur-
rently an EUA vice
president. He won
65% of the vote
against Sijbolt Noorda,
president of the
Association of
Universities in the
Netherlands. Rapp
succeeds Austrian
economist Georg Winckler. EUA represents
more than 800 universities and 34 national
rectors’ conferences,

EDITED BY YUDHIJIT BHATTACHAR]EE
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Three Q’s >>

American geologist Walter Alvarez has
won the $250,000 Vetlesen Prize for
bringing catastrophism back to the geo-
logical sciences. In 1980, Alvarez—
now a professor at the University of
California, Berkeley—his father and
Nobel Prize winner, Luis Alvarez, and
two colleagues proposed that a huge
asteroid impact had wiped out the
dinosaurs. Many geoscientists were skep-
tical because the idea that instantaneous
devastation could explain the rock rec-
ord had been rejected by researchers a
century earlier. But over the years, the
Alvarez theory has prevailed.

0: How quickly did you realize you were
heading off the beaten track?

It took a while to dawn on me that what
we were finding was at odds with all the
training that I'd had [and that] maybe
Earth history could be exciting. not just
this slow, uniformitarian stuff.

Q: Do you still have to actively defend it?
[ don’t feel the need to nail it down until
everybody agrees. [ was involved for
20 years. It was time to come full circle
back to global tectonics.

Q: What did you take away from the
experience?

A chance for a broader understanding of
Earth history. ['m giving a course on the
history of everything in the past called
“Big History: Cosmos, Earth, Life, and
Humanity”

Gol a tip for this page? E-mail people@aaas.org
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U.S. ELECTION

Cave bear
decoded

Scientists Plant Grass-Roots Effort
For Obama in Final Days of Contest

As a graduate student at [owa State Univer-
sity in Ames, physicist Bernice Durand
worked for antiwar candidate Eugene
McCarthy in 1968 in his failed bid for the
Democratic nomination for U.S.
president. Four decades later, the
recently retired University of
Wisconsin, Madison, professor
and administrator has jumped
back into the political fray
on behalf of Senator Barack
Obama. This time around, Durand
is using a career’s worth of
contacts and organizational
skills to build an unusual nat-
ional grass-roots effort, focused
on scientific issues, for the
Democratic candidate.

Since September, Durand has worked
with more than three dozen scientists who
have placed articles or letters in 50-plus
newspapers in 20 states, most of them consid-
ered still up for grabs. The scientists have also
appeared on a handful of radio shows and
been interviewed by reporters covering the
campaign. “[ feel ['m doing something that
will make the country better,” says Durand.
“On issues of science, on sup-
port for research, and on his
interactions with the scientific
community, there’s no contest
compared to [Senator John]
McCain,” she says.

Political analysts say
Obama has captured the Jions
share of visible support among
scientists. “[t’s an enthusiasm
chasm.” says Michael Stebbins,
president of the Scientists and
Engineers for America (SEA) -
Action Fund, which set up a
channel on YouTube for scien-
tists of both political persua-
sions to explain their choice. As
of press time, 22 videos have
been posted—all by Obama
supporters. “It’s been frustrat-
ing. We want scientists to come
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out and say why they’re voting for McCain,”
says Stebbins, who has volunteered for the
Obama campaign in addition to continuing
his SEA efforts.

Durand traces her recent
activism to conversations with col-
leagues this summer at the Aspen
Center for Physics in Colorado.
They passed along her name to
physicist Donald Lamb of the Uni-
versity of Chicago in [llinois, who
has helped organize the Obama
campaign’s scientific advisory
committees (Science, 26 Septem-
ber, p. 1762). Lamb then invited
Durand to launch the network.

Durand, who was eager to
take up a new challenge after her
retirement, estimates that she’s spending 45
hours a week on the project. She's written
more than 1000 e-mails aimed at building the
network, recruiting authors, and providing
suggestions on their draft articles or letters.
The Obama campaign, which declined com-
ment for this story. has kept the effort at
arm’s length. “It’s a grass-roots thing,” says
Lamb, who spent last week working to get

AMA

dential candidates are actively campaigning.

Battle stations. Scientists have proclaimed their support
for Obama in 47 newspapers from states in which the presi-

Embryo bill

advancesin
the UK.

out the vote in northern Virginia.

The pieces typically emphasize local con-
cerns. In an op-ed published earlier this
month in The Virginian-Pilot, Francis
Collins, who in August stepped down as
director of the National Human Genome
Research Institute at the National Institutes
of Health (NIH) in Bethesda, Maryland,
described himself as “a citizen, a scientist, a
physician, and a son of Virginia” The author
explains why he supports Obama’s “science,
technology and innovation agenda,” which
includes doubling the NIH budget, and
notes that NIH “supports most biomedical
research in our premier universities—includ-
ing many in Virginia.”

Many of the letter writers have also men-
tioned the list of U.S. Nobel Prize winners,
now up to 70, who have endorsed Obama.
“[T'm] not sure pecple up here would have
heard about that otherwise,” says Brian Black,
a biology professor at Bay de Noc Commu-
nity College in Escanaba, Michigan, whose
letter has been published in four papers
located in the state’s sparsely populated and
Republican-leaning northern regions. “I'm
sure there are those who think I'm a nut”

Some scientists believe that their training
prepares them to be effective political com-
municators. “A lot of interacting with voters
involves studying the issues, developing a
coherent and logical argument, and articu-
lating one’s ideas. And thinking on one’s
feet. And this is what scientists are trained
to do,” says Daniel Holz, a
physicist at Los Alamos
National Laboratory in New
Mexico. But Dartmouth Col-
lege cosmologist Robert
Caldwell was a little dis-
appointed when four New
- Hampshire papers rejected

his letters. He wonders if the
14 “foomnotes and references” he
included to bolster his argu-
‘ments hurt his chances. “They
probably added to the word
count,” he says.

Campaign donation records
indicate that some scientists
are supporting McCain, but
Science could not find any evi-
dence of grass-roots efforts by
scientists on his behalf. (The
McCain campaign did not
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reply to requests for comment.) One donor,
mathematician Nakhle Asmar of the Univer-
sity of Missouri, Columbia, says “national
security” was the reason he gave McCain
$2300, the maximum allowed from an indi-
vidual for the general election. Has he done
anything more for the candidate? “I don’t
have time,” he says, adding that he believes
“both [candidates] will be good for education
and science.”

SELF-EXPERIMENTATION

China’s long
science march

Some who have volunteered for Obama
say they would have preferred to remain
nonpartisan but that the stakes are too high.
Holz, who has written to local papers,
recorded YouTube videos, and canvassed for
Obama, worries that such activism could
“compromise the scientific enterprise” by
politicizing it. But the bigger problem, he
says, is that “the scientific enterprise has
already been compromised and politicized

Progress against
a puzzling disease

by Republicans.” White House science
adviser John Marburger says he opposes
“secientists using science to support their
partisan views.” The problem, he says, is that
they could “lose credibility with the public.”
Durand doesn’t pretend to know if her
efforts have helped Obama. But she’s got her
fingers crossed. “I feel so much more opti-

mistic now than [ did in 1968,” she says.
~ELI KINTISCH

Eat, Drink, and Be Wary: A Sugar’s Sour Side

In 2001, Ajit Varki’s dream came true when he
drank an extract from pig spit. Varki’s strange
culinary excursion was part of an experiment
that he believed might help explain the unique
susceptibility humans have to some infectious
diseases, cancers, and heart ailments.

A prominent researcher in the dual disci-
plines of sugar biology and evolutionary biol-
ogy, Varki first purchased a few kilos of
glands taken from the jaws of pigs. Next, his
lab at the University of California, San Diego
(UCSD), minced and homogenized them to
extract the mucins. From these mucins, pro-
teins secreted by mucosal surfaces, they
plucked off a sugar called Neu5Ge for short.
And that’s what Varki's sweet tooth craved.

Neu5Ge, which is also known as a sialic
acid, is made by chimpanzees and many
other manunals but not humans, and Varki’s
group earlier had found the genetic mutation
that prevents us from making it. Varki sus-
pected that when we are exposed to Nenu3Ge,
it incorporates into our cells, where it some-
how makes humans more susceptible to a
variety of diseases. The first step was to fig-
ure out how it entered the body—thus, the
pig spit experiment.

Varki reasoned that Neu5Gc could enter

; humans through food that contains it, such as
& red meat and milk products. To prove it, he
£ proposed ingesting huge amounts of pig
& Neu5Ge and seeing where it went. But when
5§ Varki asked his institutional review board for
permission to drink the NeuSGe, some mem-
bers balked. “I was at first told that self-
experimentation was not allowed any more,”
says Varki. He assured them that he would
assess results using objective measures such
as mass spectrometry to prove its presence—

CREDIT: SAM HODGSON/VOICE

Diet-conscious. Ajil Varki long suspected a link between disease and NeuSGcin red meats and dairy products.

and he slyly asked ifany members of the com-
mittee wanted to be the volunteers, he recalls.
They gave him a green light.

To establish a baseline, Varki restricted
what he put in or on his body for 2 days before
the experiment: no red meats, milk products,
or lanolin shampoos, all of which contain
Neu3Ge. Then he checked into a clinical
research center at UCSD and drank 150 milli-
grams of the Neu5Ge dissolved in 100 milli-
liters of water. “It was slightly sweet and sour,
slightly acidic,” says Varki, pig-spit connois-
seur. He wasn’t particularly worried that the
Neu5Ge (full name, N-glycolylneuraminic
acid) would make him sick. “Tt was like eating
14 pork steaks,” he says. “People do that on
July 4th.” But to be safe, the clinical center

kept him under observation all day, taking
blood samples every 2 hours. No side effects
surfaced. Urine, saliva, and hair trimmings
over the next week all showed increased
levels of Neu5Ge. Closer analyses showed
thathis cells had actually taken it up and incor-
porated it on their surfaces, as they do with
other sialic acids in the synthesis of new gly-
cans. Two of Varki’s colleagues did the same
self-experiment with similar results, which
they published in the 14 October 2003 issue
ofthe Proceedings of the National Academy
of Sciences. “There’s no other example [
know of where you eat something foreign
that outfoxes the biochemical systems and
becomes part of you, no different from mol-
ecules made in your body.” Varki says.  »
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Varki has since taken that observation a
step further. This week, Nature is publish-
ing a new study online, led by Varki and two
teams of researchers in Australia, that
strongly ties Neu5Ge to a human disease
and ingestion of red meat. “It’s a very con-
crete example of how our susceptibility to
disease might be governed by our diet,” says
Carolyn Bertozzi, a carbohydrate chemist at
UC Berkeley. “Ajit is an incredibly creative
guy. Sometimes he’s -
chasing strange meteors {
and comets, and some- |

times he hits something. \

This is a really interest-
ing story, and I'm very
excited by it.”

Varki has long won-
dered why chimpanzees
and humans are geneti-
cally so similar but suffer
from different diseases,
and he sees Neu3Ge
as one key to solving
that mystery. But so far,
speculations have out-
numbered evidence. “He’s
been looking for that
direct link with disease,
and it’s been elusive.” says Bertozzi. That is,
until the new Nature study, which she says is
thoroughly convincing.

Neu5Ge connected Varki and his Aus-
tralian collaborators through a circuitous
route that dates back to the death of several
children in 1993 who ate tainted hamburgers
from Jack in the Box restaurants in the
United States. The culprit was later identi-
fied as a deadly strain of the gut bacteria
Escherichia coli, known as 0157:H7. A
toxin secreted by this E. coli, Shiga, can lead
to hemolytic-uremic syndrome (HUS),
which causes kidney failure. Molecular
microbiologists James and Adrienne Paton,
a husband-and-wife team at the University
of Adelaide in Australia, subsequently dis-
covered several other Shiga-producing
E. coli that caused HUS outbreaks there,
and one secreted a second toxin as well, sub-
tilase cytotoxin (SubAB).

Toxins must first bind to the surface of a
cell to do their damage, which led the Patons
to David Smith of Emory University School
of Medicine in Atlanta, Georgia, who spe-
cializes in matchmaking ligands and recep-

g tors. Smith found that SubAB has a high
3 affinity for Neu5Ge, and he told the Patons
< about Varki’s work. Their subsequent collab-
§ orative studies make a compelling case that
£ when humans eat meat or dairy products that
£ have high levels of Neu5Ge, it becomes

incorporated into their cell surfaces, and
SubAB can bind to it. “It’s the first time
we’ve seen an example of a component in
food being the preferred receptor for a bacte-
rial toxin,” says James Paton.

The researchers next showed precisely
how Neu5Ge binds to the toxin, which
included crystallizing SubAB, an intensive
effort done in Jamie Rossjohn’s lab at
Monash University near Melbourne.

Got Neu5Gc? Varki and two
colleagues drank Neu5Gc
extracted from these buckets
of pig glands.

Human cells fed Neu5Ge also became

much more susceptible to SubAB, the team
found. And mouse experiments further clar-
ified the connections between SubAB,
NeuSGe, and disease.

So consider the delicious irony. £. coli that
produces the SubAB toxin contaminates red
meat and milk products, Humans who ingest
these foods incorporate Neu5Ge into their
cells, making them hypersusceptible to
SubAB—and much more likely to become
seriously ill from the toxin.

Although these insights have no immedi-
ate practical application, Varki hopes they
may open a door that eventually helps
explain and even thwart major diseases.
Some forms of NeuSGe are seen as foreign
by the human immune system, and we some-
times create antibodies to it. Varki suspects
that these antibodies may contribute to
autoimmune diseases, cancers, and heart
problems seen in humans but not in chimps.
Pathogens can also directly bind to NeuSGe
on cell surfaces, and one strain of the
malaria parasite does just that, readily caus-
ing disease in chimps but not humans. Paton
suggests that the greatest impact of the new
findings may be in sparking epidemiologi-
cal studies of, say, vegans, that prove these
links. Any way you look at it, Neu5Ge
proves the point like never before: You are
‘what you eat. -JON COHEN

| ESCOPE

Panel OKs Anthrax Shots for
First Responders

AUS. scientific panel thinks that police, fire-
fighters, people who work with hazardous
materials, and others running the risk of expo-
sure to an anthrax infection may be offered
the vaccine against the fatal disease. That sug-
gestion, from an advisory panel to the U.S.
Centers for Disease Control and Prevention
(CDQ), is a departure from current palicies.

Anthrax vaccination is compulsory for mili-
tary personnel serving in risk areas overseas.
Although most experts believe the vaccine—
six shots over a period of 18 months—is safe,
some service members believe it has made
them ill, and some have filed lawsuits. Relying
on new safety data, CDC's Advisory Committee
on Immunization Practices agreed on 22 Octo-
ber that first-responder agencies “may chaose
to offer” their staff the vaccines on a voluntary
basis—but it stopped short of recommending
they do so.

That caution reflects the panel’s inability to
assess the risk of future attacks, says the com-
mittee’s chair, Dale Morse, who adds that the
job site and duties affect a worker’s risk of can-
tracting anthrax as well. “We believe it's very
low, but we can't say it's zero,” Morse says.
Meryl Nass, an internist at Mount Desert Island
Hospital in Bar Harbor, Maine, who strongly
opposes the military program, believes the rec-
ommendations will put mare people at risk for
adverse events. Na first responders became
infected during the 2001 anthrax letter attacks,
which killed five people. -MARTIN ENSERINK

HAL the Cosmologist

Physicists know that the gravity from huge
strands of dark matter distorts the images of
distant galaxies and makes them tend to
align, a bit like fish in a school. Now, com-
puter scientists may help them to find new
algorithms to measure that “weak lensing”
distortion, which could be used to probe the
mysterious dark energy that's accelerating the
expansion of the universe. The competitors in
the GRavitational IEnsing Accuracy Test 2008
(GREATO8) PASCAL Challenge will analyze a
simulated data set of 30 million galaxies,
preparation for the billions of galaxies that
cosmologists expect ta survey in coming
decades. The challenge is the latest from the
PASCAL Network, a cansartium sponsared by
the European Union. John Shawe-Taylor, a
computer scientist at University College Lon-
don, says the contest pushes machine learn-
ing in new directions by emphasizing large
data sets and high precision. -ADRIAN CHO
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EVOLUTION

Two Sets of Cave Bear DNA Uncover the Bear Facts

What kind of bear was Winnie-the-Pooh?
Author A. A. Milne christened the fictional
character after the teddy bear of his son, who
in turn had borrowed the name from an Amer-
ican black bear in the London Zoo called
Winnipeg. Yet for decades, researchers have
argued about whether Winnipeg’s scientific
name should be Ursus americanus or Euarctos
americanus. Indeed, although there are only
eight species of living bears, scientists have
come up with at least half a dozen versions of
the bear family tree.

Now a paper published by the Proceed-
ings of the National Academy of Sciences
{PNAS) online this week helps untangle bear
phylogeny by presenting “the first mitochon-
drial genome” from the extinct cave bear,
Ursus spelaews. But another paper, published
with little fanfare last July, also reported the
complete mitochondrial DNA (mtDNA) of
the cave bear, as well as that of the extinct
American short-faced bear, Arctodus simus.
The two teams are arguing about scientific
priority. But for the bears, this means that two
sets of data now illuminate their family tree,
although the studies disagree about
the timing of bear evolution.

Both teams independently leaped
a major technological hurdle, adds
evolutionary biologist Hervé
Bocherens of the University of
Tiibingen in Germany: They
sequenced the first complete
mitochondrial genomes from
specimens that are tens of thou-
sands of years old but not pre-
served in permafrost. “This opens
the field of complete mitochondrial seq-
uencing to a very wide range of extinct
species.” says Bocherens.

Researchers had already sequenced
the mtDNA genome in all eight living
species of bears and used the genetic dif-
ferences among them to create family
trees. But because the bears underwent a
rapid and fairly recent radiation, those vari-
ations are not great. To have confidence in
their trees, researchers needed data from
extinct animals.

They got it twice over. In this week’s
paper, a team led by biologist Jean-Marc
Elalouf of the Atomic Energy Commission
in Saclay, France, reported cave bear mtDNA
from a celebrated source: a 32,000-year-old
sternum bone from France’s Chauvet Cave,
site of the oldest known cave art {Science,
15 August, p. 904). In ancther paper back in
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July, evolutionary biologist Michael Hofre-
iter of the Max Planck Institute for Evolu-
tionary Anthropology in Leipzig, Germany,
reported in BMC Evolutionary Biology that
his team had extracted mtDNA from a
44,000-year-old cave bear femur found in
Austria; the team also reported the mtDNA
genome of a 22,000-year-old American giant
short-faced bear fiom Canada.

Hofreiter's team sent its paper first to
PNAS, on 11 December 2007, but it was
rejected without review, say Hofreiter and
PNAS Editor-in-Chief Randy Schekman.
Elalouf’s paper, which Schekman says was
handled by a different member of the PNAS
editorial board, was submitted on 1 July
2008 and accepted the following month.
Elalouf argues that although his team’s
paper is second, they submitted their
sequence to GenBank—the National Insti-
tutes of Health’s repository for DNA
sequences—back on 4 December 2007.

it

Hofreiter’s team didn’t submit its cave bear
sequence to GenBank until 23 June 2008,
shortly before its paper appeared. Schekman
says that Elalouf has now agreed to add a
“note in proof ™ to the print edition of PNAS,
‘which will be published shortly, acknowl-
edging the Hofreiter group’s earlier paper;

Not your average bear. Ancient DNA from
the extinct cave bear reveals their family tree.

Hofteiter says that solution will satisfy his
£roup’s concerns.

‘Whatever the priority, both groups agree on
the outline of the bear family tree. They con-
firm that the giant panda was the first species
to split off from the lineage leading to later
bears, and both conclude that the cave bear
shared a common ancestor with the brown
bear and the polar bear, which turn out to be
closely related to each other. Moreover, both
teams slash the number of genera of living
bears from seven in some schemes, to three for
the Hofreiter group and four for the Elalouf’
group. They assign most species—including
‘Winnipeg's—to the genus Ursus.

Adding data from the two extinct bears
provides a “robust” tree that is “important for
understanding the evolutionary history of this
mammalian family,” says Ya-ping Zhang, an
evolutionary geneticist at the Kunming Insti-
tute of Zoology in China, who published the
complete mtDNA genomes of five living
bears in 2007.

Yet when it comes to the timing of the
recent bear radiation, the two groups part
company. Elalouf concludes that it was
only about 2 million to 3 million years
ago, using a previous estimate of the

giant panda’s divergence at 12 mil-
lion years ago as a chronological
anchor point. Hofreiter’s team
anchors its tree with the much ear-
lier divergence of the harbor seal
and finds that the panda split off
earlier, about 19 million years ago,
and that the rest of the bears radi-
ated about 5 million years ago. He
notes that some aspects of climate
changed dramatically about that
time, when the Bering Strait
opened and the Mediterranean Sea
became drier. Other mammals also
showed dramatic changes at this
time, such as the split between the
human and ape lineages.
Researchers outside the fray are
divided. “T would not take the diver-
gence time too seriously in either
paper.” says Xiaoming Wang, a pale-
ontologist at the Natural History
Museum of Los Angeles County in California.
‘Wang adds that more research on the bears
nuclear genomes, which is still at an early
stage, will be necessary to fine-tune the
chronology. For now, atleast, Winnie-the-Pooh
should be happy to have his true scientific
name at last. —MICHAEL BALTER
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Expanded. New

rules approved by
British lawmakers
increase the type

of embryo research
that are allowed.

BIOETHICS

U.K. Approves New Embryo Law

‘With the enthusiastic support of the scientific
community, the British House of Commons
has overwhelmingly approved a wide-ranging
bill that expands the country’s rules govern-
ing work with human embryos. The new stan-
dards, which have dismayed opponents of
embryo research, spell out the kinds of
research governed by the country’s Human
Fertilisation and Embryology Authority
(HFEA). The 22 October vote in the Com-
mons, which favored the bill 355 to 129, was
considered its most significant hurdle,
although the bill still needs final approval
from the House of Lords.

The bill updates the 1990 regulations
establishing HFEA and a 2001 law governing
nuclear transfer, as well as other regulations
pertaining to reproductive technologies. [t
allows several kinds of research that were not
covered previously, including interspecies
nuclear transfer, in which scientists attempt
to create an “admixed embryo” by fusing a
human cell and an enucleated animal egg.
Some scientists hope to use such embryos to
derive embryonic stem (ES) cells. HFEA has
already granted three licenses for such work,
but opponents had challenged the licenses in
court, charging that the agency had no legal
authority to grant them. The new bill provides
that authority.

The bill also says that HFEA can grant

“made a huge effort to allay fears that this
was going to lead to real human hybrids,”
says stem cell expert Stephen Minger of
King’s College London. (The bill forbids
allowing any human-animal embryos to
develop for longer than 14 days or implant-
ing one in a human or animal womb.) Their
lobbying paid off. “Many people said, ‘I am
naturally queasy about this. [ would have
voted against it, but you guys have made
such a strong case [ can’t see any reason not
to vote for it, ™ Minger says.

Developmental geneticist Robin Lovell-
Badge of the National Institute for Medical
Research in London says experiments mixing
human sperm and, for example, transgenic
mouse eggs can yield important insights into
the process of fertilization. Researchers hop-
ing to test new methods of storing human
sperm or new contraceptives that target fertil-
ization will also benefit.

Some politicians had argued that induced
pluripotent stem cells, which are ES-like
cells that are reprogrammed using a cocktail
of specific genes instead of an cocyte, ren-
der interspecies nuclear transfer unneces-
sary. Minger and Lovell-Badge cite impor-
tant reasons to pursue the technique, for
instance, to compare the ES cells that result
from both processes. Studying nuclear
transfer—without having to rely on scarce

licenses for research to create transg

embryos carrying human and animal genes
or to create chimeric embryos by mixing
human and animal eggs or sperm. Oppo-
nents have claimed that the bill authorizes
the creation of “humanzees.” But scientists

human oocytes—also offers the best chance
for teasing apart exactly what happens to
turn back the clock of an adult cell and allow
it to direct the process of development
again, Minger says.

—~GRETCHEN VOGEL

IENCESCOPE

China Stakes Genetic Claims

BEIING—China is maving to better secure its
genetic riches. The National People’s Congress
(NPC) is reviewing amendments to a patent
law that would require applicants to disclose
the origins of genetic resources when such
materials are essential ta the claimed intellec-
tual property. The provision should make it
easier to be fair to sources of genetic resources
as well as inventors as mandated by the Con-
vention on Biological Diversity, to which China
is a party. But the amended patent law is silent
on protecting the rights of indigenous peaple
over their awn genetic resources and tradi-
tional knowledge, a point that GRAIN, an envi-
ronmental nonprofit based in Spain, wants to
change. NPC is expected to complete its work
by early next year. -RICHARD STONE

Star Wars in Florida

Just days before the U.S. presidential election,
both presidential campaigns desperately sought
ta assure Florida voters that their man will boost
spending for NASA, a major employee in the
battleground state, Both candidates have prom-
ised to spend $2 billion to ease the disruption
ta the work force resulting from a gap between
retiring the space shuttle and building a new
launcher. “If I'm elected president, | won't cut
NASA funds like Senator [Barack] Cbama
[D-IL)," Senator John McCain (R-AZ} said last
week in Melbaurne, Florida. But McCain also
repeated his intention to freeze spending for all
pragrams except defense, Social Security, and
health care. “It seems Senator McCain isn’t
committed to exempting NASA fram his pro-
posed spending freeze,” said the Obama cam-
paign in response. —~ANDREW LAWLER

How to Age Gracefully

The U.S. National Institute on Aging (NIA) in
Bethesda, Maryland, has launched a 12,000~
persan study to better understand what con-
tributes ta disability in the elderly. Whereas
previous studies have examined the use of
government-funded medical services, the new
study will assess everything from medical
records to lifestyle choices to understand why
some people age more effortlessly than others,
This week, NIA announced that the Johns Hop-
kins Blaomberg School of Public Health
(JHSPH} in Baltimore will run the $24 million
study. The ultimate goal is to gather reams of
data that will help us “understand disability
trends and how these are playing out in differ-
ent parts of the population,” says JHSPH health
policy researcher Judith Kasper, wha's leading
the study. ~RACHEL ZELKOWITZ
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BEIJING—After Lu Yongxiang began a third
term as president of the Chinese Academy of
Sciences (CAS) last March, a TV talk show
host asked the former varsity soccer player
which question he would like to answer first:
When can Chinese scientists win the Nobel
Prize? Or when can the national men’s soc-
cer team win the World Cup?

In both cases, Lu respondcd, the chal-
lenges are similar. China’s scientific com-
munity and its much-derided men’s national
soccer team must build stronger founda-
tions. For a China-based scientist to win a
Nobel Prize or the soccer team to win the
World Cup, Lu said, both need more money,
more talent, and an environment that
encourages innovation.

In the 30 years since Deng Xiaoping and
other leaders opened China to the outside
world, China’s science, like its economy, has
grown immensely. According to the Organi-
sation for Economic Co-Operation and
Development’s publication Main Science
and Technology Indicators 2068, China’s
$87 billion R&ID expenditure in 2006, in pur-
chasing power parity dollars, was higher than
all countries except the United States and
Japan, and only the United States has more
researchers—1,387,882 compared with
China’s 1,223,756. Officials with China’s
Ministry of Science and Technology (MOST)
like to point out that China is now second
only to the United States in the number of
publications in international journals.

d brought
rn that

But in many ways, China punches below
its weight in science. “Our country has not
made contributions proportionate with its
overall strength,” neuroscientist Rao Yi of
Peking University and structural biologist
Shi Yigong of Tsinghua University wrote ina
recent editorial in the newspaper Huangiu
Shibao. They and others argue that China’s
rising R&D investments are being misspent
on facilities and megaprojects that are driven
by special interests, creating an illusion of
grandeur rather than bringing China closer to
the forefront of international research.

Also disturbing is that many Chinese sci-
entists exhibit a surprising lack of curiosity,
asserts Rao, who says he has endured “intel-
lectual starvation™ since returning to his
homeland last year from Northwestern
University’s Feinberg School of Medicine in
Chicago, [llinois. Although many scientists
eagerly showcase their own work at
conferences, Rao says, few discuss ideas
informally or show up at seminars to listen to
colleagues—interactions that inspire creativity
in the West. “True collaborations are rare, and
motivations for science are driven by tempo-
rary and relatively easy goals.” he says.

Another damning assessment comes from
theoretical physicist and former president of
CAS Zhou Guangzhao. [n China, he says,
“success is often scored by quantity rather
than quality.” For that reason, Zhou contends,
most Chinese scientists are content to follow
well-trodden paths and churn out routine

papers rather than strive for fundamental
breakthroughs. Deference to status also
makes it difficult for junior researchers to
challenge academicians or science man-
darins. That wasnt so in the 1950s and 1960s,
when Zhou was working on China’s atomic
‘bomb project; then, he says, scientists treated
one another as equals and worked collectively
toward the goal of strengthening China.
These days, many scientists say, there is
greater freedom in society, but a market econ-
omy has made private interests the driving
force of science, supplanting the idealism that
inspired earlier generations of researchers.
Although public discussion about sys-
temic problems in Chinese science runs up
against censorship in state newspapers and
TV—the government’s voice—the blogo-
sphere now provides a largely unfettered
forum. “Blogs and the Internet as a wholeare
changing China’s political discourse,” says
Cao Cong, a senior research associate at the
Neil D. Levin Graduate Institute of Inter-
national Relations and Commerce in New
York City. Cao, a blogger on ScienceNet.cn,
hopes that “positive and constructive opin-
ions raised in the blogosphere” will receive
official attention. This seems to be happen-
ing. Earlier this month, Chinese media
reported that Premier Wen Jiabao, alerted by
a journalist’s blog about a cover-up of a disas-
ter in Shanxi Province—where a mudslide
caused by dumping mining waste killed more
than 40 people in August—sent a team to
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On the march. Scientists arriving at the Great Hall
of the Peaple for the transformative “Spring of Sci-
ence” conference.

investigate. Zhao Yan, editor-in-chief of Sci-
enceNet.cn, hopes the site’s 1400-plus blog-
gers may spark a bottom-up reform not just in
matters of public safety and governance but
also in science and technology, about which
frank talk among peers is sorely needed.

A time of revival

China’s reforms and opening up followed the
decade-long turmoil known as the Great Pro-
letarian Cultural Revolution launched by
Mao Zedong in 1966. Seeking to rid the
country of what he labeled as feudal, bour-
geois, and foreign influences, Mao closed
universities and banished professors to the
countryside to work as peasants. Research
was halted, except in areas that served
national needs such as defense.

Careers like that of Chen
Jia’er, a young physicist in the
1960s, were thrown into reverse.
After 3 years as an exchange
researcher in nuclear physics at
the University of Oxford in the
UK., Chen returned home in
1966, hoping to build a heavy-
ion research program. Instead, he
was branded a “reactionary aca-
demic authority” and sent for
reeducation to a village in eastern
China, where he laid railroad
tracks, raised pigs, and worked
odd jobs for almost a decade,

Mao’s death in 1976 and the
subsequent purge of the coterie
led by Mao’s widow released
China from its ideological strait-
jacket. One of the first reform steps Deng
took was to rehabilitate scientists from a class
to be “won over, reeducated, and trans-
formed” to vital members of society whose
knowledge and expertise would help modern-
ize the country. Scientists such as Chen were
brought in from the cold.

In a keynote speech at the first National
Science and Technology Convention in Bei-
Jjing in March 1978, Deng declared that “'sci-
ence and technology is a productive force.”
The “Spring of Science.” as the founding and
then—CAS president Guo Morue poetically
pronounced, had arrived. Many scientists
recall that time fondly. It was “the turning
point of my life.” says Chen, who served as
president of China’s National Natural Science
Foundation (NSFC) from 2000 to 2003.

Deng’s call for modernization posed a
daunting challenge. For some like Peking

University biochemist Gu Xiaocheng, it
meant racing to recoup lost ground. Gu had
been one of the few professors permitted to
remain in Beijing during the Cultural Revo-
lution. She was part of a team that set out to
synthesize insulin, a project considered in
the national interest. They succeeded in
1965 and tried to determine insulin’s crystal
structure. But even for this elite group, “no
international journals were available to us,”
Gu says. After the Cultural Revolution in the
late 1970s, “when [ saw Science again after
so long, I thought, ‘They’re speaking a dif-
ferent language.” We really didn’t know how
to catch up.”

Since then, China has worked to reform its
R&D system, but these efforts have been top-
down and often flawed, says He Zuoxiu of
CAS’s Institute of Theoretical Physics here. In
the 1980s, then-Premier Zhao Ziyang wanted
the marketplace to decide what research was

Eager to learn. Some students of Peking University's first post-Cultural Revolution
freshman class in 1978.

needed and directed CAS to focus on applied
research. The leadership “confused applied
research with product development,” He says,
and the resulting tendency to ignore basic
research has weakened the country’s ability to
innovate. Chinese leaders abandoned Mao’s
idea of self-reliance and expected the country
1o acquire advanced technologies from multi-
national companies in exchange for giving
them market access. Zhao infamously told
Chinese scientists in 1985 to “go up hills and
pick peaches.” reflecting his belief that China
could simply reap the fruits of research done
in other countries. But without accumulating
one’s own knowledge, says Chen, “it’s impos-
sible to have new ideas or really know how to
apply them.”

A second major reform came in the late
1990s, when “indigenous innovation”
became a buzzword. Former president of
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China Jiang Zemin called on scientists to
focus their efforts on national needs, “to do
[research in some areas] and not to do [it in
others).” In response, in 1998 Lu launched
CAS’s Knowledge Innovation Project (KIP).
Under that banner, Lu reduced the number
of CAS institutes from more than 100 to
about 80 and its 80,000 work force to 48,000
{Science, 23 February 2001, p. 1477). The
streamlining, Lu says, made institutes “more
active and dynamic”’

The innovation project achieved some
positive results: “Our facilities were dilapi-
dated before, but now many new buildings
rival those at universities,” says Wang
Zhizhen of CAS’s Institute of Biophysics
here. The work force is much younger than it
‘was a decade ago, and most researchers have
studied abroad. Some institutes, especially
newer ones, such as the Institute of Neuro-
science established in 1999, compete at an
international level, says Lu.

But for many older institutes,
the drastic work-force reduction
only looks good on paper. These
institutes must use money allo-
cated to a smaller payroll to sup-
port retirees and staff members
not counted as KIP personnel.
To accomplish this, institutes
collect “head taxes” from princi-
pal investigators with grants to
augment PIs’ salaries, based on
their productivity, and to pay
Jjunior researchers and grad stu-
dents. Although basic salaries
for Pls are fixed at several thou-
sand dollars a year, productiv-
ity-based supplements can boost
annual incomes to well over
$30.000. For grad students, the
basic stipend is about $500 a year; those
lucky enough to receive supplemental pay
may get an additional $3000.

Grants are golden because they provide
the lion’s share of productivity-based pay,
even though many funders explicitly forbid
using grant money this way. Institutes
account for the payments as user fees, pro-
cessing fees, or collaboration fees, according
to several researchers who asked to remain
anonymous to avoid retribution. These scien-
tists estimate that about 10% of total grant
money at well-funded institutions, and as
much as 50% at poorer ones, is spent on
salaries. As aresult, some Pls go after grants
beyond what’s needed for research and out-
side their areas of expertise, says Zhao
Zhongxian of the Institute of Physics here.

To combat this problem, Zhou says
salaries should be capped and the portion
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from grants should not exceed 3 months’
worth of PI pay, as many US. research uni-
versities stipulate. A few Chinese institutes
have adopted this approach. The Institute of
Physics, Zhao says, has changed its formula
for productivity-based pay such that a PI's
salary does not increase linearly with the
amount of grant money.

Publications also contribute to a
researcher’s productivity-based pay. Insti-
tutes determine publication benuses differ-
ently, but most take into
account the impact factors of
Journals in which papers are
published. CAS’s Institute of
Chemistry follows a typical
formula in China: A paper in
Science or Nature fetches
$2500 or more; a paper pub-
lished in journals such as
Physical Review Letters
(PRL) and the Jowrnal of the
American Chemical Society
(JACS) brings about $1300;
papers in journals with
impact factors greater than

require PIs to state how many SCI papers
they intend to publish, and researchers are
promoted and occasionally demoted based
on the number of their publications.

The top-performing one-third of CAS
institutes has adopted a system of inter-
national review. For example, since 2003, the
Institute of Genetics and Developmental
Biology (IGDB) here has been using outside
reviewers to evaluate Pls in its three main
research areas. The institute invites a scientist
from abroad to recruit a panel
of reviewers for each area,
says [GDB developmental
biologist Zhang Jian. The
panel anonymously reviews
packages prepared by Pls and
conducts a site visit to talk to
scientists, research staff, and
students. The visitors also give
constructive comments to the
lab under review. Reviews are
conducted every 5 years; a few
investigators have been forced
out primarily because of the
reviews, says Zhang,.

three bring about $500; and -

papers in journals with Th_e Spring of Speaking out

impact factors under three  Science conference  To Xu Liangying, a retired
are awarded less than $200. 0 “tha turning science historian here, the
Bonuses are divvied accord- A A root cause of the problem in
ing to the authors’ contribu- P0INt of my life. China's scientific community

tions. Universities also pay
productivity-based salaries
to professors.

A few institutes, including the Institute
of Neuroscience, do not pay publication
bonuses, whereas some, such as the Institute
of Physics, have de-emphasized publication
bonuses and only award several thousand
dollars to papers published in four journals:
Science, Nature, PRL, and JACS.

Quantity trumps quality

Both productivity-based pay and the way
Chinese researchers are evaluated emphasize
quantity over quality. This is partly because
Chinese scientists are often fearful of giving
offense if they critique a colleague’s work
truthfully, Zhao says. Instead, number-based
evaluation is considered more objective and
has gained popularity. To break the expecta-
tion of guaranteed employment regardless
of performance—the “iron rice bowl”"—
Nanjing University in the early 1980s began
to use the Science Citation Index (SCI) to
measure the productivity of its professors.
Since then, universities and research insti-
tutes have been ranked annually based on
how many SCI papers they churn out. Sci-
ence ministry grant applications often

—CHEN JIA’ER, FORMER
PRESIDENT, NSFC

is Deng’s declaration 30 years
ago of science and technology
as a productive force, now an
official mantra. Since then, the Chinese words
for “science” and “technology™ have been
fused into “scitech,” which in common usage
solely connotes technology. In China, science
is expected to contribute directly to economic
development and not to the pursuit of truth
and knowledge, asserts Xu.

Xu has always spoken his mind, even
though it has cost him dearly. In the late 1950s,
he was branded a “rightist” and banished to
his ancestral village in Anhui Province. For
more than 2 decades, Xu toiled in the fields
during the day and translated the collected
works of Einstein into Chinese during his
spare time. A fer being allowed back into CAS
in 1978, he became China’s foremost Einstein
scholar. He also took up the cause of human
rights in China. Xu was put under house arrest
for a time in 1989 after writing an open letter,
and collecting signatures for it, that called on
the Central Committee of the Communist
Party to release political prisoners and allow
freedom of speech. Last April, the American
Physical Society awarded Xu the Andrei
Sakharov Prize for a “lifetime’s advocacy of
truth, democracy, and human rights.”

These days, speaking one’s mind is not
nearly as risky. Peking Universitys Rao was
allowed to come back to China after he and
others wrote an article in Nature’s China
Supplement in 2004 that advocated strip-
ping MOST of its power to administer
research funds and making the ministry an
advisory body. Rao says China needs an
impartial science and technology board to
advise the State Council on policy and
funding priorities. The board, he says,
should be made up of people free of institu-
tional conflicts of interest, replacing an
existing science and technology group
under the premier that consists of ministers
who inevitably want more money for their
own ministries.

Theoretical physicist He Zuoxiu of CAS
agrees and says MOST failed to curb institu-
tional interest when it led the formulation of
China’s mid- to long-term science and tech-
nology plan. “The plan does not represent
true national interest; it is a balancing act
among interest cliques,” says He. One of the
plan’ biggest flaws, he says, is its backing of
“megaprojects” advocated by individual
ministries and scientists (Science, 17 March
2006, p. 1548). Even though China needs to
invest more heavily in renewable energy, an
area critical for sustainable development, the
plan hardly mentions it, He notes. Because
the country’s top leaders emphasize R&D for
national needs, scientists often promote their
own research as aligned with such needs,
says Rao. Some use political clout and con-
nections to designate their own projects or
those of associates and friends as “top
national priorities,” he says.

Many researchers discuss such issues
openly on ScienceNet.cn, a Web site that has
been running for fewer than 2 years and
boasts tens of thousands of readers per day.
The site’s bloggers do not hide behind pseu-
donyms, which sets it apart from most [nter-
net forums and blog sites in China. “Scien-
tists have no problem with using real names,”
says Zhao, “because they want to be respon-
sible for what they say””

These bloggers call for systemic reforms
to curb special interests in setting research
priorities, to make the funding system more
transparent and fair, and to liberate scientists
from meaningless evaluations imposed by
administrators. These cries for reform offer
a glimpse of what could happen in the
future, as a new generation that has pros-
pered in Deng’s reformed China pushes its
way into the ranks and pressures science
leaders to live up to their expectations.

-HAQ XIN
With reporting by Richard Stone.
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BIOMEDICAL RESEARCH

More Than Skin Deep

Scientists still don't know what causes scleroderma, a complex disease often marked
by toughening skin and widespread internal fibrosis, but they're developing

potential treatments nonetheless

Atage 19, Barbara Lowe didn’t think much of
it when one of her fingers temporarily turned
completely white during a lunch break at
work. “My friends thought it was a party
trick,” says Lowe. Twenty years later, how-
ever, the party trick had taken a serious turn.
Most of her fingers and toes were suffering
bouts of poor blood flow, and searing heart-
burn and lingering colds constantly ham-
pered her. When she was taken to the hospital
for pneumonia, doctors finally gave her
symptoms a name: scleroderma. “I didn’t
know anyone who had it other than myself.
My GP [general practitioner] couldn’t tell me
a lot of about it.” says Lowe. “You're kind of
completely on your own with the disease.
People just don’t know what it is>

Although scleroderma affects as many as
300,000 Americans and kills roughly 10,000
every year, this autoimmune disease remains
an enigma and far from the public’s radar.
[ts cause—or causes—remains murky.
Genetic and environmental studies have
yielded few clues, as the disease seems to
strike almost at random.

Scleroderma was formally discovered in
1754 by Carlo Cuwrzio, an [talian doetor who
described treating a woman with thick, stiff’
skin—the symptom from which scleroderma
gets its name (from Greek meaning “hard
skin™). This skin condition, along with the cir-
culation problem that Lowe experienced,
known as Raynaud syndrome, are the classic
signs of the disease—and many people with
scleroderma suffer from only these disabling,
not deadly, symptoms.

Another hallmark of scleroderma is that
patients suffer a diverse array of symptoms,
leading many physicians to consider the con-
ditiona constellation of disorders. In bad cases
of systemic scleroderma, the most severe form
of the disease, inflammation and fibrotic scar
tissue flare up in multiple organs, blood ves-
sels narrow and harden, and traitorous
immune cells attack a person’s own flesh. The
dizzying complexity of scleroderma has kept
scientists both frustrated and fascinated for
decades. “The problem is we don’t really
understand what the primary basis is of the

*10th International Workshop on Scleroderma Research,
2-6 August.

disease,” says Robert Lafyatis, a rheumatolo-
gistat Boston University (BU) School of Med-
icine. “We don 't know ifit’s a vascular disease,
a fibrotic disease, or an immune disease™

At a recent meeting in Cambridge, UK.,
Lafyatis and several hundred scleroderma
investigators gathered” to compare notes and
chart the field’s progress. Despite continued
bewilderment about what causes the disease,
there was good news to report. In the 1980s,
physicians began effectively treating the kid-
ney problems that then killed most sclero-
derma patients. New insights into the dis-
ease’s molecular underpinnings are helping
to tackle other dangerous symptoms, too.
Some researchers are even finding that
“rebooting” a person’s immune system with
stem cell therapy may completely eliminate
the systemic fibrosis that continues to kill
many people. “There’s been a change from
nihilism to a bright light at the end of the tun-
nel,” says Alan Tyndall, a rheumatologist at
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the University of Basel in Switzerland. “As
medical students [in the 1960s], we were told
that scleroderma is a death sentence and
there’s no hope; now, that’s changed”

Many suspects, little proof

Since Curzio identified scleroderma, dozens
of causes have been put forth but few have
stood the test of time. Environmental factors
such as organic solvents, asbestos, and even
silicone breast implants have all been sus-
pected triggers for the autoimmune reaction
associated with scleroderma. However, the
evidence for these factors has come from
studies too small to be definitive; plenty of
people get scleroderma without being
exposed to any of these insults.

Fetal cells were another suspect. During
pregnancy, such cells pass through the
placental barrier and enter an expectant
mother’s circulation. Scientists found that
these foreign cells could live for decades ina
woman, and some theorized that the cells
might trigger scleroderma. This theory could
offer an explanation for one of scleroderma’s
puzzles: 80% of patients are women, most
in their pospartum years. However, as more
studies were done, some research suggested
that fetal cells helped fight or prevent the dis-
ease in the mother, rather than cause it. The
true role they play remains unresolved.

Frozen fingers. Scleroderma is often marked
by stiff, hardened skin that severely limits
mavement in victims’ joints,

www.sciencemag.org SCIENCE VOL 327 31 OCTOBER 2008

667



I NEWSFOCUS

668

One solid scleroderma clue is the dis-
ease’s link to genetics. Although the inci-
dence in the U.S. general population is only
about 14 people per million per year, the odds
of a person developing the condition are
more than 100 times greater if a family mem-
ber does too, and more than 280 times greater
if that member is your identical twin. Those
rates indicate a genetic component to the dis-
ease, albeit a weak one because the great
majority of family members or twins don’t
share the disease. “If you compare sclero-
derma to a traditional genetic disease, the
genetic pattern in families is not that strong,”
says Xiaodong Zhou, a clinician who studies
scleroderma genetics at the University of
Texas Health Science Center in Houston.
“But if you compare it to the [prevalence in]
the general population, ... it’s very high™

The Choctaw Nation of Oklahoma, a
Native American population, has a much
higher prevalence of scleroderma—roughly
three times higher than the general population,
which has led to several studies surveying
their DNA. Researchers pinpointed several
DNA markers around the gene for fibrillin-1
that correlate with the Choctaw scleroderma
cases—and the protein’ presence in connec-
tive tissue makes sense, given the disease’s
symptoms. Still, fibrillin’s exact role in the
condition remains murky. Researchers have
failed to link the fibrillin gene to other popula-
tions of scleroderma patients.

Other genetic studies of scleroderma have
pointed to the major histocompatibility com-
plex, an array of genes that controls immune
cell fiumction, but “it’s a common region for
autoimmune disease,” explains Zhou.
*“They've all been linked to that region.”

More recently, Michael Whitfield, a
geneticist with Dartmouth Medical School,
has used genome-wide micro-
arrays to screen all the gene activ-
ity within scleroderma skin and
tissue samples. In July, Whitfield
and colleagues reported in PLoS
ONE that 17 out of 22 sclero-
derma patients had a genetic fin-
gerprint, a distinct pattern of
gene activity, differing from con-
trols. Most of the overactive
genes were the usual suspects for
an auto-immune disorder—those
involved in immune cell activa-
tion, including T, B, and macro-
phage cells—but others with
altered activity were genes
involved in fibrosis and collagen
growth. Whitfield also found a
cell proliferation signature—a
group of cell-cycle genes that are

expressed only when cells are dividing, which
hints that scleroderma tissue has higher rates
of DNA replication.

Whitfield says the most surprising out-
come from the study is that even tissue from
scleroderma patients that looks normal still
has the distinctive genetic fingerprint of the
disease. His group plans to repeat the experi-
ment with a larger sample to see if it continues
to hold true. If so, Whitfield
hopes the multigene finger-
print could be turned into diag-
nostic or predictive tools for
clinicians. “The limiting factor
in terms of understanding scle-
roderma is getting large
enough patient cohorts to do
studies,” notes Whitfield.
“And it’s the heterogeneity
that’s really plagued us, from
the molecular level and from
the genetic level”

Whitfield says that his microarray
approach isn’t likely to yield one simple
gene as an answer. “There’s very likely to be
multiple facters contributing to sclero-
derma.” he says. “We're not going to find a
single mutation. It’s almost certainly going
to be a combination.”

death sente

Treating the symptoms

Although figuring out the root of sclero-
derma remains a major research goal, the
number-one priority has been to find treat-
ments that keep the symptoms at bay, a quest
that has led to a game of cat and mouse
between drugs and the disease. The number-
one killer of scleroderma patients used to be
kidney failure. Twenty percent of patients
would die in middle age as their kidneys®
arteries became clogged and constricted with

Breathing problems. In this x-ray image of lungs from a person with scleroderma,
one lung (right) is clouded with fibrotic tissue, whereas the other is fairly untouched.

“As medical students,
we were told that
scleroderma is a

there’s no hope; now,
that's changed.”

—ALAN TYNDALL,
UNIVERSITY OF BASEL

smooth muscle cells. However, in 1979,
scientists found a class of drugs, angiotensin-
converting enzyme (ACE) inhibitors, which
relax the disease’s stranglehold on the kidney.
Harrison Farber, director of the Pulmonary
Hypertension Center at BU, calls ACE-
inhibitor therapy one of “the biggest break-
throughs in scleroderma,” noting that people
are no longer dying of renal failure.

Lungs then became the
new battleground. Like the
kidneys, the pulmonary arter-
ies, the vessels that carry
blood between the heart and
the lungs, also tend to become
occluded and censtricted in
scleroderma. But much to the
frustration and puzzlement of
doctors, ACE inhibitors don’t
help here. “Once people
stopped dying of kidney fail-
ure, they now lived long enough to die from
pulmonary problems,” says Francesco Del
Galdo, associate director of the Scleroderma
Center at Jefferson University Hospitals in
Philadelphia, Pennsylvania. One in seven
scleroderma patients developed pulmonary
hypertension, and it was inevitably deadly.
By the late 1990s, however, researchers
began employing a variety of drugs, includ-
ing Viagra, which help to widen and relax the
lungs arteries.

Although these treatments are touted as
helping patients live longer, some clinicians
remain unconvineed. Six different drugs have
received approval from the U.S. Food and
Drug Administration for treatment of lung
problems in scleroderma, but all were largely
tested using a simple approach: the 6-minute
‘walk test. Ifa patient testing a new drug could
complete this exercise with greater ease, the
drug was considered to be effec-
tive. However, only one clinical
trial has ever shown the drugs to
improve a scleroderma patient’s
survival against a placebo.
“These drugs can help the symp-
toms,” says Lafyatis. “But it’s not
clear that it helps their mortality;
... some patients benefit from it
and some don’t”

Scleroderma poses a further
deadly challenge: fibrosis. In
severe cases, fibroblasts, the
cells that create and maintain the
extracellular matrix, seem to be
irreversibly activated. inducing
an unwanted scarring process.
Chris Denton, an experimental
rheumatologist at University
College London Medical School,

nce and

e
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notes that now “it’s the fibrosis that causes
the mortality of disease, because it’s happen-
ing simultaneously in multiple organs.” Yet
the lungs remain the key battleground, as
lung fibrosis can strike 70% of scleroderma
patients, and scarring there leads to eventual
suffocation.

Scientists at the Cambridge meeting
agreed that eliminating the fibrosis problem
should prevent scleroderma from being a
killer and turn it into a more manageable
chronic disease. How to thwart the process has
been mostly a mystery, but there was new opti-
mism at the conference. “We have a rich vari-
ety of potential molecular targets [for fibro-
sis], and for many of these, inhibitors are avail-
able and are being tested in clinical trials,” says
Oliver Distler, head of the scleroderma clinic
at the University of Zurich, Switzerland.

Most of these inhibitors aim at a longtime
suspect for fibrosis: TGF-p, a so-called
cytokine with multifarious pathways. One
track stimulates both collagen and scar-tissue
formation, whereas other tracks stimulate cell
death via apoptosis or cell differentiation.
Researchers have found elevated levels of
the receptors for TGF-P on fibroblasts from
scleroderma patients, suggesting that the acti-
vated form of the protein plays a role in their
dysfunction. (When TGF-J is initially
secreted, it’s bound by other molecules and
inactive.) But what triggers the production
and activation of TGF-f in scleroderma
remains unknowrn.

Moreover, because TGF-['s stimulation of
scar and collagen tissue is normal and neces-
sary in many cases, completely disabling the
cytokine pathway is not a good option for
treating scleroderma. “If you can’t do fibrosis,
you're in big trouble,” says Tyndall.

Scientists have therefore been teasing out
how to selectively block the TGF-[ route that
elicits overactive scar formation. Some believe
that targeting the upstream proteins that acti-
vate TGF-B may be the key to halting sclero-
derma’s fibrosis while allowing normal
wound healing to continue. One such TGF-f-
inhibiting drug is Gleevec, which has previ-
ously earned fame for its successes treating
leukemia and other cancers. In recent years,
physicians have reported cures or near-cures of
late-stage scleroderma patients after trying
Gleevec, which has motivated a number of
phase II clinical trials of the drug for the condi-
tion. Luke Evnin, chair of the board of directors
atthe Scleroderma Research Foundation in San
Francisco, California, cautions that the results
50 far are by no means definitive. “In larger
case series, it is not clear that [the drug] is
broadly applicable,” he says. “But still the
enthusiasm from the initial cases persists.”

PAUL KLEE, ATRAGIC ]\ﬂ;ETAMORPH 0sIS

NEWSFOCUS I

The famous modern artist Paul Klee is widely believed to have suffered from, and died of, sclero-
derma. Late in Klee's life, for example, the disease caused his fingers to curl so much he had trou-
ble halding a paintbrush. “All his medical records were destroyed, so it's conjecture. But it's very

hard to attribute [his symptoms] to anything else,” says rh

logist John Varga of North

University in Chicago, lllinois, wha in 2004 wrote a review of Klee's works in relation to scleroderma,
Art experts believe the disease had a major impact on Klee, as his later works shifted from vibrant ta
darker colors and emphasized themes such as mortality and suffering (above, Klee's Tragic Meta-
maorphosis, 1939). “His style and technique really did change and evalve,” says Varga. In one late
work, Captive, Klee painted a grotesque self-portrait that includes representations of cagelike bars.
Scleroderma patients often say they feel “imprisoned within their own badies,” says Varga.

Many scleroderma scientists remain wary
of overhyping Gleevec. “We had promising
drugs 10 years ago that were very hopeful,”
says Distler. “But the clinical studies actually
failed.” Those drugs, he notes, were “rather
unspecific immunesuppressive drugs.” They
had appeared to work in phase II studies, says
Distler, but then failed in larger randomized
controlled trials.

Tyndall believes that stem cell trans-
plants could solve scleroderma’s fibrosis
and perhaps all its other symptoms, too. The
approach mirrors a strategy used to treat
leukemia: Stem cells from bone marrow that
can give rise to new immune cells are taken
out from a patient, and then physicians use
drugs to purposely obliterate the patient’s
entire immune system, a strategy called
immunoablation. After that, the pre-
harvested stem cells are infused back into
the patient, where they can create fresh bone
marrow and, it is hoped, a new functioning
immune system. Tyndall says some of his
scleroderma patients went back to normal

after receiving this aggressive immune
rebooting. A multicenter randomized phase [1I
trial with 150 patients is under way to con-
firm these findings.

Nonetheless, those at the conference in
Cambridge seemed to reach a consensus that
scleroderma would need mere than just one
solution. “No two scleroderma patients are
alike. It’s really amazing to me,” says Farber.
Each patient may need a tailor-made treat-
ment: One requires an aggressive antifibrotic
treatment whereas another demands an
emphasis on fighting pulmonary hyper-
tension, Farber and others suggested.

Still, Denton is increasingly optimistic. “T
think we’re in a stronger position now,
because in the previous era, we were trying
therapies with an unclear view of what the
biology is.” he says. “Now we’re in an era
where treatments are having an impact on
outcome, ... and were also starting to under-
stand the very complex biology that links the
different processes in scleroderma.”

—-LAUREN CAHOON
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Skulls Show Dinos

Blew Their Horns

Nothing gets a paleontologist’s speculative
Jjuices flowing like a strange piece of anatomy.
Case in point: lambeosaurs, duck-billed
dinosaurs (hadrosaurs) whose skulls
sported hollow, bony crests connected

to the animals’ noses. Scientists
have argued that the weird head-
gear was good for fighting,
snorkeling, smelling, cooling
the brain, or signaling to 4,7 .
other lambeosaurs with loud,
resonant honks

At the meeting, a group
presented the most sophisti-
cated evidence yet that the nasal passages
within the crests were indeed used for vocal-
izing, not smelling. Computed tomography
scans of lambeosaur skulls revealed that the
brains weren't geared toward olfaction but
that the inner ears were attuned to the fre-
quencies the crests most likely produced.
“Honking still survives™ as a hypothesis, says
David Weishampel of Johns Hopkins Univer-
sity in Baltimore, Maryland, who studied
vocalization in the lambeosaur Parasawrolo-
phus in the early 1980s.

At 10 meters long and weighing in at
some 3 metric tons, lambeosaurs would
have been some of the larger animals in the
swampy floodplains of western North
America, Asia, and Europe toward the end
of the dinosaur era. They roamed around,
mostly on their hind legs, grabbing vegeta-
tion with their toothless bills, then grinding
it to a pulp with hundreds of small teeth in
the back of their mouths. Fossil trackways
suggest that flat-headed hadrosaurs lived in
herds, and lambeocsaurs may have, too.

Some early ideas about lambeosaur crests
proved short-lived. The crests are too thin and
brittle to have served as effective weapons,
and the physics of breathing underwater
through them turned out to be unworkable.
Among the more plausible theories, vocaliz-
ing was first proposed in 1921 by a Swedish
scientist who likened lambeosaurs to trum-
peter swans. [n the 1960s, paleontologist
John Ostrom floated the ideas that the long,
looping chambers inside the crests could
have functioned as air-cooled radiators or
heightened the animals’ sense of smell.
Tames Hopson of the University of Chicago

Sound of sinus. Corythosaurus's
inner ear (red) could detect
hanks fram the nose (green).

in [linois suggested in 1975 that the crest
evolved its large size for visual display to
attract mates.

David Evans of the Royal Ontario
Museum in Teronto, Canada, studied the
olfactory system of lambeosaurs and the
nerves associated with it, looking at impres-
sions of these nerve pathways that remain in
skull bones. His findings, published in Paleo-
biology in January 2006, suggested that only
a small part of the nasal cavity within the crest
was used for smelling. But no one had actu-
ally looked at the entire brain of a lambeosaur.
Working with Lawrence Witmer of Ohio Uni-
versity in Athens and others, Evans used com-
puted tomography to scan the skulls of four
species of lambeosaurids that lived about
75 million years ago.

The olfactory region turned cut to make
up less than 2% of the lambeosaurs’ brains.
In contrast, a crestless hadrosaur called
Edmontasaurus had at least double that,
whereas the predatory dinosaur Tarbosawrus
devoted 9% of its brain to olfaction. “When
you put it all together, the smell hypothesis
can be rejected” Evans said.

Still, the crest does seem to be important.
The elaborate nasal ductwork of the lambeo-
saurs points to a “strong selective pressure”
for evolutionary adaptation, the team con-
cludes. The inner ear, as revealed by the scans,
suggests what advantage the odd organs
might have offered. The clue is part of the
cochlea called the basilar papilla. In living

15-18 OCTOBER | CLEVELAND, OHIO

birds, studies have shown that its length corre-
lates with the range of frequencies an animal
can best hear. If the same relationship held in
lambeosaurs, Evans and colleagues con-
clude, their optimal frequency in adults was
400 hertz, about the mid-range of a modern
cornet. That’s close to the frequencies an
acoustic computer mode] has generated from
the crest of Parasawrolophus. Hadrosaurs
could have used their calls to attract mates,
help keep the herd together, or warn one
another of approaching predators, the
researchers say. Other evidence from the skull
suggests that hadrosaurs might have been par-
ticularly social, smart animals: Their cerebral
hemispheres make up about 43% of the entire
brain—more than in any group of dinosars
except the small birdlike dromeosaurs,
thought to be the brightest, most behaviorally
complex ancient dinosaurs. The findings
are in press at The Anatomical Record.
—ERIK STOKSTAD

Two Legs Good

Our famed ancestor “Lucy” walked upright in
the grasslands of Ethiopia 3.2 million years
ago. But what of /ier ancestors? Researchers
have glimpsed only bits and pieces of even
older hominins, the group that includes
humans and our ancestors. At the meeting,
Bence Viola of the University of Vienna pre-
sented a single bone, the thighbone of an
ancient australopithecine from Galili,
Ethiopia, that may add an interesting piece to
the puzzle of how Lucy’s two-legged gait
evolved. “It’s a window into a time when key
evolutionary changes are happening—it’s
exactly what you'd want,” says I. Michael
Plavean of the University of Arkansas,
TFayetteville, who was not involved in the work.

Although the femur was broken off at its
lower end, its size suggests an owner slightly

Making strides. Horst Seicler (ieft) and Bence Viola
{right) help study an early hominin thighbone.
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larger than the roughly 1-meter-tall Lucy, Vicla
says. Argon-argon dates produced just a few
weeks ago place the thighbone between
4.38 million and 3.92 million years ago—
significantly earlier than the most ancient
member of Lucys species, Awstralopithecus
afarensis, which dates to 3.6 million years ago.

In the view of Viola and his Vienna
colleague Horst Seidler, the bone is more
primitive than Lucy’s femur and resembles
that of a much earlier hominin, Orrorin
tugenensis, thought to be about 6 million
years old. They suspect that it came from
Au. anamensis, a species that lived about
4 million years ago and is widely considered
to be Lucy’s ancestor.

Details of the femur’s anatomy, such asa
long neck of bone leading to a large femoral
head (the “ball” of the hip’s ball and socket
joint), suggest that its owner—whatever its
name—was bipedal, Viela said. But other
clues imply that it may also have climbed
trees, he added. For example, a thick layer of
dense cortical bone is evenly distributed
around the femoral neck. In upright walkers
like us, that cortical bone is unevenly distrib-
uted. “Both Orrorin and this femur seem to
show several traits which indicate bipedalism
but also retain signs of arboreal behavior”
Viola says. That suggests that our ancestors’
move out of the trees was a long process.

But others aren’t so sure that this single

NEWSFOCUS I

bone shows tree-climbing behavior. “It’s not
compelling enough to convince me of arbo-
reality,” says Yohannes Haile-Selassie of the
Cleveland Museum of Natural History in
Ohio. Carol Ward of the University of Mis-
souri, Columbia, is more impressed: The
cortical bone distribution is “pretty sugges-
tive,” she says. But she, too, would like to see
more specimens, and the other end of the
femur, to be sure. Stay tuned: Haile-
Selassie’s team is working on an unpublished
partial hominid skeleton, also about 4 mil-
lion years old, that may shed further light
on how Lucy’s ancestors walked (Science,
11 March 2005, p. 1545).

~ELIZABETH CULOTTA

Earliest tree-climbers. A 255-million-year-old creature called Suminia
getmanovi caused astir a few years ago when researchers examining its skull dis-
covered it had the first known adaptations for highly efficient chewing of tough
vegetation. Now a look at the rest of the skeleton reveals another record: the ear-
liest evidence of living in trees. Jorg Fribisch and Robert Reisz of the University
of Toronto, Mississauga, in Canada studied a large block of stone that preserved
15 mostly complete skeletons. “This black provides a wealth of new information
about Suminia,” Fribisch said at the meeting. The 50-centimeter-long animals
hadvery long hands and feet—about 40% of the length of the imbs—and dig-
its adapted for grasping. The new skeletons may be the mast complete early ther-
apsid (mammal-like reptile) yet found, sa they could shed more light into the
early evolution of the group, which flourished in the Permian and Triassic peri-
ods between 265 million and 225 million years ago. Kenneth Angielczyk of the
Field Museum in Chicago, Illinois, notes that apart from a few burrawing species,
most Permian therapsids were unspecialized four-legged herbivores. “The fact
that [Suminial was going in another direction is pretty cool,” he says.

Dinosaur-cruncher. Any way you look at it, the extinct crocadilian Deinosuchus
was a terror, Its 1,5-meter-long skull was double the length found in modern
cracs, and the whole animal may have stretched more than 10 meters. To
experts on the Late Cretaceous of North America, Deinosuchus practically
screams “top predator.” Now Francais Therrien of the Royal Tyrrell Museum of
Palaeontology in Drumheller, Canada, and colleagues have buttressed that
claim by estimating the strength of its bite. Taking five specimens from the
United States, they compared the bending force of the jaw with that of the
American alligator. The result: Defnosuchus could bite 13 times as powerfully as
a modemn alligator, nearly on a par with Trannosaurus rex. “Most assuredly
Deinostuchus would have been a top predator of coastal environments,” Ther-
rien cancluded. Paleontologist Hans-Dieter Sues of the Smithsonian's Natianal
Museum of Natural History in Washington, D.C., agrees. "Could it pull apart a
hadrasaur? The answer was a definite yes.”

Steady on. How much damage did that end-Cretaceous asteroid inflict, anyway?
Reseaichers have long debated whether dinosaurs were already in decline before
it hit, or whether they were struck down in their prime. A new analysis by Matthew
Carrano of the Smithsonian’s National Museum of Natural History in Washing-
ton, D.C., suggests the latter. Carrano took a close laok at the scientific iterature
from Narth America, where the fossil record of Cretaceous dinasaurs is richest,
and corrected for biases such as errars in classification and differences in how
intensively paleontologists have searched for fossils in various places and times.
The results showed that dinosaur diversity stayed steadily healthy through the
late Cretaceous period, in North America at least. John Alroy of the University of
California, Santa Barbara, sees the matter as settled, “It's the nail in the coffin”
for the declining-dina scenario, he says.

Acquired taste. New skulls of juvenile
Diplodocus, described at the meeting, sug-
gest that young sauropod dinosaurs may
have been pickier eaters than adults were.
Stretching about 30 meters lang, fully
grown Diplodocus—massive four-legged
plant eaters closely related to Apato-
saurus—nhad remarkably square jaws
crammed with narrow-crowned teeth in the
front (seeillustration). One idea is that these
teeth helped them quickly crop vegetation
tosate an appetite that presumably matched
their enormous bulk.

The new juvenile skulls look different.
Their snouts are narrow and rounded, with a
full mouthful of teeth. “We believe it records
animportant changein diet,” John Whitlock,
a Ph.D. student at the University of Michigan, Ann Arbor, told the audience,
Whitlock and his adviser, Jeffrey Wilsan, argue that the shape of the snout pro-
vides clues to the feeding behavior. A rounder snout correlates with more selec-
tive browsing, rather than indiscriminate noshing on vegetation.

Peter Dodsan of the School of Veterinary Medicine at the University of
Pennsylvania isn't convinced that the juvenile belongs to the same species as
the known adults. But Kristi Curry-Rogers of Macalester College in St. Paul says
that even if it doesn’t, the new skull still shows that the genus Diplodocus was
more varied and interesting than scientists had realized. “The fact that this juve-
nile with a rounded skull accurs in the midst of so many ather square-snouted
adults introduces a new view of what young members of this larger group
looked like,” she notes. -ES.

It’s all good. Square jaw may
show Diplodocus adults had more
varied tastes than their young did.
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Informed Consent in Social Science

IN HIS PERSPECTIVE “HOMO EXPERIMENTALIS EVOLVES” (11 JULY, P. 207), ]. A, LISTPROUDLY
acknowledges that economists perform experiments on human subjects without notifying
them: “[I]n a natural field experiment, the analyst manipulates experimental condi-
tions in a natural manner, whereby the experimental subjects are unaware that they are

participating in an experiment.
This approach combines the
most attractive elements of the
laboratory and of naturally oc-
curring data: randomization and
realism.” [ know that psycholo-
gists tend to do the same thing.
Yet this practice leads me to
ask: Where has “informed con-
sent” gone? PIERRE COUTURE

Saint-Cyprien-de-Napierville, QC, Canada.
E-maik: pa_couture@sympatico.ca

Response

AS MY PERSPECTIVE MADE CLEAR,
there are several types of field ex-
periments. In some, subjects are
made aware that they are taking part in an
experiment and sign consent forms in the
spirit of the guidelines of the Nuremberg
code. There are, however, certain cases in
which adhering to rigid ethical rules can affect
the very issue that is being studied, such that
it becomes quite difficult to conduct the
research (7, 2). For example, if one were inter-
ested in exploring whether, and to what extent,
race or gender influences the prices that buy-
ers pay for used cars, it woulkd be difficult to
measure accurately the degree of discrimina-
tion among used car dealers who know that
they are taking part in an experiment.

For such purposes, it makes sense to con-
sider executing a natural field experiment.
This does not suggest that moral principles
should be altogether abandoned in the pursuit
of science. Quite the opposite: The researcher
must weigh whether the research will inflict
harm, gauge the extent to which the research
benefits others, and determine whether exper-
imental subjects chose the experimental envi-

Balancing act. Sodial scientists must walk a fine line in determin-
ing when a study’s potential for public good justifies a relaxation
of informed consent requirements.

ronment of their own volition and are treated
Justly in the experiment. Local Research Ethies
Committees and Institutional Review Boards
in the United States serve an important role in
monitoring such activities.

Consider the natural field experiment
that was discussed in my 11 July Per-
spective. In this experiment, a coauthor and
[ worked with a national fundraiser to
explore various methods that fundraisers
might wish to implement to be able to pro-
vide more of the public good. During the
research, we never learned the solicitees’
names, solicitees received letters similar to
the ones they were sent in the normal course
of their lives, and they made charitable
donation decisions in a natural manner. In
the end, we learned something interesting
about the economics of charity while doing
no harm to the solicitees. Indeed, some
might argue that these potential donors
were better off because our methods
induced more giving and therefore a higher

PERSPECTIVES

provision of the public good. When the
research makes participants better off, ben-
efits society, and confers anonymity and
just treatment to all subjects, the lack of
informed consent seems defensible.

Ethical issues surrounding human exper-
imentation are of utmost importance. Yet,
the benefits and costs of informed consent
should be carefully considered in each situa-
tion. Those cases in which there are minimal
benefits of informed consent but large costs
are prime candidates for relaxation of in-
formed consent.

JOHN A. LIST
Department of Economics, University of Chicago, and
NBER, Chicago, IL 60637, USA. E-mail: jlist@uchicago edu
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Viewing NASA's Mars
Budget with Resignation

| WOULD LIKE TO CLARIFY SEVERAL POINTS IN
the News of the Week story (26 September,
p. 1754) by A_ Lawler, “Rising costs could
delay NASA’s next mission to Mars and
future launches.”

‘When the National Research Council’s
Planetary Science Decadal Survey recom-
mended the Mars Science Laboratory (MSL)
mission for priority funding, it assigned a
cost level of $650 million. This value, rather
than $1.4 billion, is the true metric for see-
ing the deep damage that MSL’s profligately
overrunning cost—now likely to top $2.1 bil-
lion—has inflicted on NASA’s Mars and
wider planetary science budget.

Also, the story focused its overnum discus-
sion on instrument costs. Although certainly
part of the problem, instrument cost increases
have been considerably smaller than overruns
in the rest of MSLs budget, which was
severely mismatched to the project’s com-
plexity from its inception. This mismatch
sowed the most fundamental seeds of MSLs
cost problems.

The article’s end quote described
NASA’s Mars Sample Return (MSR) mis-
sion plan as “smoke and mirrors.” Dis-
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appointingly, MSR is becoming a mirage in
the wake of MSL and other budget damage
caused by numerous substantial Science
Mission Directorate (SMD) cost overruns
accepted in recent months. However, as
evidenced by both internal NASA and
external Office of Management and Budget
scrutiny in 2007, NASA’s MSR plan in the
President’s Fiscal Year 2009 budget did fit
in SMD’s future budget envelope. It could
well have launched near 2020, had a strong
emphasis on cost control been sustained as
a priority.

Finally, there was no mention that a
NASA independent review team found
numerous development issues that called
MSLs 2009 launch date into serious doubt
almost a year ago. Nor did it describe that

scenarios for dealing with MSL without
causing such deep budgetary damage else-
where were proposed by SMD but rejected
at higher levels in early 2008. That, and the
concurrent, forced disbanding of the MSL
independent review team, precipitated my
resignation as SMD Associate Adm-
inistrator.

ALAN STERN
Clifian, VA 20124, USA. E-mail: astem2010@acl.com

Food Insecurity’s

Dirty Secret

ATTEMPTS TO INCREASE CROP YIELDS [N SUB-
Saharan Africa have failed repeatedly since
the 1960s because soil quality has been

ignored. The Green Revolution of the 1970s
bypassed sub-Saharan Afftica, and is stalling
in the rice-wheat system of South Asia and
elsewhere because of soil degradation,
organic matter and nutrient depletion, and
excessive withdrawal of ground water.
Average yields of grain crops in sub-
Saharan Africa have stagnated below 1 ton
per hectare since the 1960s, with dire con-
sequences on human well-being and eco-
system services. The problem of food inse-
curity, affecting 854 million people, is wors-
ened by increases in the price of rice, wheat,
and other food staples (/-6) and by global
warming (7).

Proven soil management technologies, to
be promoted in conjunction with improved
varieties, include (i) no-till farming with
mulch, cover crops, and complex rotations;
(i) water conservation, harvesting, and
recycling with efficient irrigation including
drip and furrow methods; and (iii) inte-
grated nutrient management with compost,
biochar, N fixation, and supplements of
nano-enhanced and slow-release fertilizers.
The yield potential of improved varieties
can only be realized if grown following opti-
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mal soils and agronomic management.
Rather than giving handouts as emergency
aids, resource-poor farmers must be com-
pensated for ecosystem services (e.g., trad-
ing C credits) to promote technology adop-
tion and soil restoration.

Food insecurity is exacerbated by em-
phasis on biofuels (/, &, 9). We must estab-
lish energy plantations (/0, I1) (grasses,
trees, algae, and cyanobacteria) using soils
and waters that do not compete with food
production. This energy can be used to pro-
vide modern cooking fuels to rural commu-
nities in sub-Saharan Africa and South Asia,
in a way that will minimize health hazards,
promote use of crop residues and dung as
soil amendments, and mitigate the Asian
soot cloud.

The strong relationship between soil
degradation and survival of the past civiliza-
tions (/2) cannot be ignored. If soils are not
restored, crops will fail even if rains do not;
hunger will perpetuate even with emphasis
on biotechnology and genetically modified
crops; civil strife and pelitical instability
will plague the developing world even with
sermons on human rights and democratic

ideals; and humanity will suffer even with
great scientific strides. Political stability and
global peace are threatened because of soil
degradation, food insecurity, and despera-
tion. The time to act is now.

RATTAN LAL

Carbon Management and Sequestration Center, School of
Environment and Natural Resources, The Ohio State Uni-
versity, Columbus, OH 43210, USA. E-mail: lal 1@ osu.edu
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CORRECTIONS AND CLARIFICATIONS
ScienceScope: “'Free’ gets sold” (17 October, p. 359).
Biomed Central had revenues, not profits, of €15 mil-
lion last year.

Special Section on Clinical Trials: “Making cli L
data widely available” by ]. Kaiser (10 October,
p. 217). The article misquoted NIH's Deborah Zarin
about a proposal to include narrative summaries of
trial data in ClinicalTrials.gov. Zarin did not suggest
that NIH's posting of the narratives could be viewed as
giving a drug “a stamp of approval.” Rather, she said
that posting them could be viewed as endorsing a spe-
cific interpretation.

Table of Contents: (5 September, p. 1261). The
description of the Report “Apobec3 encodes Rfv3, a
gene influencing neutralizing antibody contral of retro-
virus infection” by M. L. Santiago ef al. was incorrect.
The sentence should read, “A resistance factor known to
protect mice from refroviral infection is unexpectedly
identified as Apobec3, a deoxycytidine deaminase.”

Letters: “The case against the CM}'s editars” by N. Cike$
(27 June, p. 1719). Ciket stated that “the CM}'s impact
factor is around 0.8, and it has been declining.” In fact,
CM}'s impact factor has had an increasing trend and
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reached 1.174 in 2007, thus becoming the first
Croatianscientific journal ever to achieve animpact fac-
tor greater than 1. Ciket also failed to state that the
decision of the School's Court of Honor against A.
Marudic was officially abolished by the Ministry of
Science, Education, and Sports {ruling UP/I-040-01/08-
01/00001, no. 533-01-08-0001 from 28 ]January
2008).

Books ef al: “Hard facts about soft animals”™ by M.
Glaubrecht {23 May, p. 1014). In the caption for the phoio-
graphs on page 1015, Falcidens halanychi is erroneously
identified as a solenogastre. It is actually a member of Caudo-
loveata, a different order of small, worm-shaped mollucs.

Reports: “Dilferential rescue of light- and entrain-
able circadian rhythms” by P. M. Fuller ef al. {23 May, p.
1074). The following acknowledgment was omitted due to
a misunderstanding: We thank C. Weitz and D. Knutti for
the Bmall gene construct used in our adeno-assaciated
viral vector and for the description of its construction. In
addition, the Supporting Online Material (SOM) contained
several errors: In fig. $2, panels B and C were reversed; the
legend for panel B described panel €, and the legend for
panel C described panel B. In addition, fig. 53B contained
an error, a result of mistakenly using an incorrect file to
make the plot. The incorrect file was an incomplete wark-
ing file obtained from the same animal and experiment as
showin in Fig. 3B in the main text, but with an incorrect
start time {which advanced the phase). Fig. $3D, in which
the frace i derived from the data shown in lig. S3B, was

alsoincorrect. A revised SOM file containing corrected ver-
sians of figs. 2 and $3 is available online.

Books et al.: “The golden weed, America’s most deadly
drug” by R. N. Proctor {4 May 2007, p. 692), book review of
The Cigarelfe Century by Allan Brandt. The Books ef al. edi-
tor failed to notice that Allan Brandt's acknowledgments
note the substantial assistance of our reviewer, Robed N.
Practor—who provided "a constant sounding board” and
“meticulously read and critiqued the complete manuscript.”

TECHNICAL COMMENT ABSTRACTS

Comment on “Differential Rescue of
Light- and Food-Entrainable
Circadian Rhythms™

Ralph E. Mistlberger, Shin Yamazaki,
Julie S. Pendergast, Glenn ). Landry,
Toru Takumi, Wataru Nakamura

Fuller et af. (Reports, 23 May 2008, p. 1074) reported that
the dorsomedial hypothalamus contains a Bmali-based
ascillator that can drive lood-entrained circadian rhythms.
We report that mice bearing a null mutation of Bmall
exhibit normal food-anticipatory circadian rhythms. Lack of
food anticipation in Bmail™ mice reported by Fuller ef af.
may reflect morbidity due to weight loss, thus raising ques-
tions about their conclusions.

Full text at www.sciencemag.org/egifcontentfull322/5902/
&753

LETTERS

Response To Comment on “Differential
Rescue of Light- and Food-
Entrainable Circadian Rhythms™

Patrick M. Fuller, Jun Lu, Clifford B. Saper

The points raised by Mistlberger ef af. arise [rom a shorteom-
ing in their approach, namely, that they measure the
response to food restriction by using food-seeking behavior,
which is confounded by homeostatic inputs. We used unre-
lated circadian-driven physiological responses, and we
stand by our finding that the dorsomedial nucleus of the
h coniains 3 food- inable oscillator that is
sufficient for entrainment of circadian rhythms of body tem-
perature and locomotor activity.
Full text at www.sciencemag.org/cgicontent/full322/5902/
6150

Letters to the Editor
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POLITICAL SCIENCE

Why Rich States Aren’t Republican

Terry Nichols Clark and Christopher Graziul

any of us discuss elec-
tions, often with con-
cepts like red and blue

states. Andrew Gelman is a creative
Columbia University statistician
who joined with four of his former
political science students to dig
deeper. The most creative analyses
in Red State, Blue State, Rich State,
Poor State use Gelman’s multilevel
methods. But the technical back-
ground is nearly invisible: Here
there are no equations and few
numbers—rather, one finds dozens
of revealing graphics, all of which
are very clear.

The book is unusual in aiming,
to enlighten the general lay reader
through a step-by-step analysis, not merely to
engage in a debate with other political scien-
tists. Through a clear and crisp writing style, it
quotes and refutes many widespread views of’
Jjournalists and political pundits, even as it
builds on the political science literature.

Three main findings illustrate the authors”
approach. First, rich individuals vote more
Republican. Second, rich states
(like Connecticut, with high
average-income residents) vote
more Democratic. These con-
clusions are contrasted with a
third, very intriguing finding:
In poor states like Mississippi,
income strongly predicts Re-
publican voting, whereas in
rich states like Connecticut,
the rich and poor differ little in
their voting patterns. These
results are illustrated through
scatter plots and line charts
showing incore versus level
of Republican voting for citizens, This alone
may not seem novel, but by repeating the same
analysis for different types of states, regions,
and countries Gelman ef al produce surpris-
ingly rich descriptions using just two vari-
ables, income and voting,

The three key ideas are refined by system-
atically adding other factors. Time: State vot-
ing differences have mostly emerged in the

Cortina

The reviewers are in the Department of Sociology,
University of Chicago, 1126 East 591h Street, Chicago, IL
60637, USA. E-mal: tnlark@uchicago.edu

Red State, Blue State,
Rich State, Poor State
Why Americans Vote
the Way They Do

by Andrew Gelman, David
Park, Boris Shor, Joseph
Bafumi, and Jeronimo

Princetan University Pr
Princetan, NJ, 2008.
247 pp. $27.95, £16.95,
ISBN 8780681139272

The 2000 split. Red states were carried by George Bush; blue states, by Al Gore.

last 20 years. Religion: Surprisingly, church
attendance seems more tied to voting
Republican for the rich than for the poor.
Class: State differences are stronger for upper-
income persons. Race: A great deal of party-
by-income voting may be due to race, espe-
cially in the South. Polarization: The parties
have grown more deeply divided on issues
since the 1960s.

The book’s elegance comes
first from the clarity of the
income-party model but also
from its methodology. By
consistently repeating similar
analyses that contrast state and
individual effects, they refute
the “ecological fallacy” of
stereotyping individuals’ behav-
ior on the basis of data about
where they live. For example,
many have compared state
income with state voting and
falsely concluded that rich indi-
viduals vote more Democratic. The authors are
able to quickly dispel this myth while simulta-
neously navigating the intricacies of relation-
ships between income and voting.

So what is missing? Most obviously, little
time is devoted to the complicating effect of
social issues. Past work has shown that while
income explains many fiscal preferences,
education is more powerful for social issues
like abortion, the environment, gender roles,
and minority tolerance. When these several
variables combine in party voting, the results
are not always linear or elegant. Gelman et al.

thus convey a view of income-based elites
more than a view of citizens active in various
issues. Income and presidential voting are
hard to link neatly to such issue politics. The
book continues an old tradition of class poli-
tics, despite decades of work stressing its
decline [e.g., (1)]. The authors
say almost nothing about polit-
ical culture, although many
analysts use culture to revise
class-based models. Indeed,
many argue that a new political
culture is emerging built on
combining social withincome-
related issues (e.g., David
Brooks’s bohemian-bourgeois
or Bobos, who are fiscally con-
servative and socially liberal).

Or consider the culture wars
debates, probed by Morris
Fiorina (2) and Bill Bishop (3).
These bring in a wide range of
other variables and processes.
Gelman ef al. include many
brief reviews of other sublitera-
tures (like friends and neighbors) but do not
use them seriously. They are especially critical
of books by David Brooks (4) and Thomas
Frank (5). Both Brooks and Frank stress
how combining multiple dimensions (such as
abortion and taxes) generates new results, but
Gelman ef al. mostly address each dimension
separately, finessing the complex arguments.
Or they present data on more complex points
without joining them to their core model.

Unfortunately, although the authors recog-
nize that their models have only some of the
answers, they don’t tell us how strong their
models are. Others have shown that Gelman ef
al s variables explain some 10 to 20% of the
variance in voting, which leaves at least 80%
unexplained. Brooks and Bishop, two smart
Jjournalists, offer a richer interpretation, and
Nelson Polsby and Aaron Wildavsky's classic
text (6) provides a broader perspective.

The strength of Red State, Blue State is
that Gelman et a/. build a tight, parsimonious
argument. Their work resembles mathemati-
cal model-building, sans equations. Extend-
ing the power of their methods by adding a
few more critical processes would enrich the
study of’ American politics. But even if too
simplistic, this fun-to-read book may become
aminor classic.
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POLITICAL SCIENCE

Can We Trust
the Machines?
Walter R. Mebane Jr.

ince the 2000 1.S. presidential election,
S many have worked to increase voters”

confidence that election results are fair
and correct. One theme from 2000 was that
the technology used to record votes—espe-
cially puncheard ballots—was deficient and
needed to be replaced. The Help America Vote
Act of 2002 provided federal funds for states
to acquire electronic voting machines or opti-
cally scanned paper ballots. New controversy
arose when computer scientists and others
complained that the recommended technolo-
gies were far from being up to the task. The
electronic technologies suffered from security
weaknesses and production defects, and elec-
tion officials often administered the new
machines incompetently. Critics argued the
machines lacked transparency, were unreli-
able, and were possibly subject to unde-
tectable manipulation.

Michael Alvarez and Thad Hall belong toa
group of political and computer scientists who
after 2000 began the Caltech/MIT Voting
Technology Project, intended to diagnose
problems with current practices and to point
the way to developing better ones. Elecfronic
Elections summarizes insights they have
gleaned from their extensive experience.
The book is meant to instigate scientifically
informed election administration. The authors
argue for a comparative approach to risk man-
agement that considers the costs and benefits
of alternative methods. Rather than consider
how electronic voting technology performs in
isolation, we should judge how it works in
comparison to paper systems. The authors
reject the position that voting reform is a high-

The reviewer is in the Depariment of Political Science and
Department of Statistics, University of Michigan, Ann
Arbor, M| 481069-1045, USA E-mail: wmebane@
umich.edu

risk activity to which we should apply the pre-
cautionary principle.

The authors” stance is evident when they
argue that the idea of voting over the Internet
has been unwarrantedly dismissed in the
United States. They are particularly exercised
about the US. Department of Defense’s Secure
Electronic Registration and
Voting Experiment (SERVE),
which was intended to deter-
mine whether using the Inter-
net could facilitate voting by
uniformed and overseas citi-
zens. SERVE was canceled
before being implemented in
2004, due to concerns by some
experts that secure Internet
voting was impossible. Alvarez
and Hall point out that Euro-
pean countries were conduct-
ing similar voting experiments and that status
quo methods involving mailing ballots are
also insecure and fail to protect ballot secrecy.
They see the critics” perspective as too narrow
and note the loss of a chance to discover how
well a set of methods works.

In two early chapters, the authors discuss
problems with paper voting and criticisms of
electronic alternatives. They note that paper
systems have been used in American elections
for more than 100 years and have never been
free of failures or fraud. They also review a

Thad E. Hall

BROWSINGS

Design for Democracy. Ballot and Election
Design. Marcia Lausen. University of Chicago
Press and AIGA, Chicaga, 2007. 186 pp. $65,
£35.1SBN 9780226470467,

A group of graphics design specialists offer
guidelines for improving the clarity of regis-
tration forms, signs, informational guides,
administrative material, and ballots.

Post-Broadcast Democracy. How Media
Choice Increases Inequality in Political Involve-

Electronic Elections
The Perils and Promises
of Digital Democracy

byB. Michael Alvarez and

Princeton University Prass,
Princeton, NJ, 2008.

BOOKS eraL I

variety of security concerns surrounding elec-
tronic voting, such as the profound flaws
revealed in 2003 through studies of source
code for Diebold touch-screen voting equip-
ment. Their consideration of criticisms of
electronic voting seems inadequate. Nowhere
do Alvarez and Hall discuss the conflicts of
interest others have identified
in the fact that the vendors pay
for the laboratories that vali-
date their equipment. Nor do
they mention the basic objec-
tion that it is technically not
possible to verify whata com-
puter system as complicated as
a voting machine will do under
all the conditions that may
arise. Validation is currently
not possible, and secrecy does
not inspire trust.

Time has not been kind to electronic voting
systems in the United States, and in important
respects the book’s coverage ends too early.
Alvarez and Hall discuss developments
through the end of 2006. During 2007,
California’s secretary of state assigned teams
of experts to study the voting systems ap-
proved for use in the state. The teams reported
that the security mechanisms were inadequate
and that the systems “contain serious design
flaws ... which attackers could exploit to affect
election outcomes™ (J). This year, Ohio’s sec-
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ment and Polarizes Elections. Markus Prior. Cambridge University Press, Cambridge, 2007.
336 pp. Paper, $27.99, £16.99. ISBN 9780521675338

Prior explores political consequences of the changes in patterns of news exposure produced by the
rise of broadcast television, expansion of cable TV, and growth of the Internet. His data-packed yet
lucid account documents shifts in important aspects such as political knowledge and interest,

turnout, and voter partisanship.

Bad for Democracy. How the Presidency Undermines the Power of the People. Dana D. Nelson.
University of Minnesata Press, Minneapolis, 2008. 271 pp. $24.95. ISBN 9780816656776.
People’s unrealistic “expectations of what the president can and should do,” Nelson claims, have
fueled the continual expansion of the scope and power of the U.S. presidency. She argues that the
trend must be reversed if citizens are to enjoy and practice the self-rule essential to democracy.
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retary of state ruled against the use of touch-
screen systems (2). A defect in Diebold’s sys-
tem software that caused votes to be lost in
several Ohio counties is present in source
code used in machines in jurisdictions
throughout the country (3, 4)

Alvarez and Hall also consider the politics
of election administration. They discuss the
content of mass media coverage of voting
technology along with survey evidence about
public views of the topic. These aspects of
Electronic Elections help flesh out the context
for the scientific study and policy-making that
Alvarez and Hall describe. The book offers a
thoughtful early contribution to a new field of
election science.
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On Counterproductive
Changes

Michael Johnston

lections ought to be simple. Decide
E\vho is eligible to vote, put the options
before them, tally up their choices, and
then, by one set of electoral rules
or another, declare the winners.
But things do not always work out
that way: vote totals are tampered
with, equipment breaks down,
and eligible electors are turned
away while others vote early and
often. Citizens in democracies
around the world demand and., in
the wake of electoral fiascos,
often get aggressive rounds of
clean election reform. But as Frederic
Schaffer shows us in The Hidden Costs of
Clean Election Reform, all too often the prob-
lems we see are the results of past reforms.
Even more troubling, new measures fre-
quently make matters worse.
Election reformers damage democracy
with surprising frequency, producing what
Schaffer—borrowing from medicine—terms

Schaffer

The reviewer is at the Department of Political Science,
Colgate University, 13 Gak Drive, Hamilton, NY 13346,
USA. E-mail: michnston@maiL colgate edu

The Hidden Costs of
Clean Election Reform

by Frederic Charles

263 pp. $35,£17.95
ISBN 9780801441158,

“fatrogenic” {doctor-cansed)
harm, a useful initial meta-
phor even if it is used in
overly literal ways in much
of the book. In some cases
damage is inadvertent: re-
form measures may be
poorly thought out, create
perverse incentives, or be
starved of resources and
support. In many other
cases, however, devious
political operatives march
under the banner of re-
form, enacting and enforc-
ing measures that sup-
press the vote, facilitate
cheating, and alienate citi-
zens from the electoral
process itself.

Schaffer (a research associate at MIT%
Center for International Studies) has assem-
bled an impressive database of recent clean
election reforms in places ranging from
Albania to Zimbabwe, many of which left
democratic processes worse off than before.
Lestwe conclude that such countries” reform-
ers are less skillful than ours, that database
also includes 24 examples from various parts
of the United States. In addition, Schaffer
considers historical cases in detail: When, in
1852, France sought to prevent the practice of
marking ballots (used to match voters with
their choices), it ended up disallowing the
votes of numerous citizens who did not
understand the rules, who accidentally
made additional marks, or who even wrote
messages celebrating their
choices. By 1881, rules
against extraneous mark-
ings on ballots voided 3%
of the national vote—a fig-
ure that rose to 20% in some
districts. Schafferalsoexam-
ines contemporary Taiwan,
Venezuela, South Africa,
and the Philippines in light
of his own experiences in
those countries.

Clean election reforms, Schaffer argues,
come in three forms: controls on voter eligi-
bility [e.g., who is entitled to vote or who has
voted already (indicated by ink-stained fin-
gers in many countries)]; voter insulation
(e.g., the secret ballot or checks on vote-
buying); and vote integrity (¢.g., poll watchers
from competing parties or automated vote
tabulation). Schaffer’s distinctive finding is
that similar reform strategies can have quite
different results, whereas differing mixes of
reforms can produce similar outcomes in con-

A vote clearly cast. The French use transparent ballot boxes, as in their
presidential election.

trasting settings. Voter eligibility rules may
protect the right to vote, but they can also keep
opposition voters away from the polls. Voter
insulation can stop vote-buying but may also
inhibit persuasive processes essential to
democracy. While vote-integrity measures
can make for safe voting and swift reporting
of results, they may also bring partisan inter-
ests and unproven technologies right into the
polling place.

The author attributes those outcomes to
“the motives, knowledge, and capacities of the
actors involved in crafting, implemnenting, or
reacting to reforms " Those actors, in turn, fall
into four categories: lawmakers; election offi-
cials and workers; candidates and backers;
and civie educators—those charged with
teaching citizenship. Reform is not a matter of
choosing better ideas over riskier ones—and
certainly not a choice between clean-but-
exclusive elections versus open-but-risky
ones. Rather, reforms have much more to
do with who steers the changes, using
what resources, and toward what goals. Ac-
cordingly, Schaffer devotes a full chapter to
each of his four key groups.

The resultis an illuminating, broadly com-
parative, and useful critique of clean election
reforms. In one sense, the author might be
open to the accusation ofhaving examined the
shortcomings of politics only to discover more
politics, but any such critique would sell the
book short. Although “reform” is a powerful
word for friends of democracy, not everything
called a reform is a good idea. Often the term
covers up self-serving ideas: My bill intended
to triple the pay of academicians across the
country will—of course—be called the
Higher Education Reform Act of 2008. Worse
yet, “reform” slogans can be used to create a
sense of crisis where none exists, as witness
recent calls for “Social Security reform”
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based on a misrepresentation of the purposes
of the Social Security Trust Fund.

What would be better? In his concluding
chapter, Remedies, Schaffer deploys an
admirable amount of common sense. The
problem, as noted, is not a lack of the right
tools, but the need to put them in the right
hands {motives, remember, are crucial) and to
enable those entrusted with reform to act
effectively. The goal is both to build capacity
and to constrain partisanship. To that end, he
identifies four paramount strategic ideas:
“taking it slow.” “keepng it simple,” “making
it transparent,” and “forcing remedial action™
Politics will not go away, nor should it: con-
tending parties and interests should be able to
understand, examine, and respond to new
policies in ways that make it more difficult for
anyone to bend reform to their own purposes.
There will never be a clean elections “cook-
book,” there are no perfect or neutral political
institutions, and technology (such as the elec-
tronic voting machines made by Diebold, a
major Republican contributor, that are diffi-
cult to use and produce no paper record of
voters” choices) is no cure-all. Instead, as
Schaffer shows us, advocates of clean election
reform must both be careful what they wish
for and be selective in their choice of friends.

10.1126/5cence. 1165805
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The Power of Cross

Pressures
David A. M. Peterson

residential campaigns influence voters
to alter election outcomes, yet experts
are unsure of the mechanism behind
these influences. Politic ltants, and

paign tactic was more successful at swaying a
majority of voters

Academics offer a more circumspect per-
spective on the daily changes of a campaign.
They demonstrate that the cutcome of an elec-
tion and the decisions of individual voters can
be predicted before the campaign begins.
Because the outcome is forecast without
accounting for the campaign, the campaign
must not have been crucial. According to this
understanding, election campaigns inform
votersand Jead them to make predictable deci-
sions based on the fundamentals: party, issue
positions, and the economy. The question for
political scientists becomes how the voters
construct their vote choice based on these
determinants and not how the campaigns
change these determinants.

In their path-breaking The Persuadable
Voter: Wedge Issues in Presidential Cam-
paigns, D). Sunshine Hillygus and Todd G.
Shields address the basic question of how
much campaigns matter in two ways: First,
they argue that the key to understanding how
campaigns produce electoral
outcomes is to determine how
they influence individual vot-
ers. They start from the politi-
cal science depiction of voters”
attitudes as relatively resistant
to campaigns. Campaigns do
not fundamentally alter the
balance of Republicans and
Democrats or anti-abortion
and pro-choice voters. Hilly-
gus and Shields (political sci-
ence professors at Harvard and the University
of Arkansas, respectively) explain that cam-
paigns influence voters by altering how much
weight individuals place on party and what
they know about the candidates’ different pol-
icy positions. Second, the authors recognize
that campaigns need to be understood as the
i ion between voters and campaign

by D. Sunsh,

267 pp. $2

pundits emphasize the day-to-day changes in
candidate activity. They lock to the election
outcome and assume that because the winning
campaign was successful, it must have been
the superior campaign. The outcome of the
election is then ascribed to whatever specific
tactics and events they focused on during the
campaign. This perspective leads to the
implicit assumption that voters are malleable
and affected by the strategic choices of the
candidates. It emphasizes the most trivial of
campaign events as major influences on vot-
ers. The question then becomes which cam-

The reviewer is in the Department of Political Science,
Texas ARM University, College Station, TX 778434348,
USA. E-mail: dave@palisci tamu.edu

organizations. Each makes decisions based on
what they know about the other, and the con-
nections between voters and candidates deter-
mine the choices of individual voters and the
outcomes of elections.

The book advances the important point
that although campaigns may not change a
voter’s predispositions, that does not mean
that all such predispositions favor the same
candidate. Instead, many voters are ambiva-
lent because their partisanship and issue posi-
tions conflict. For example, there are a sizable
number of pro-life Democrats and pro-choice
Republicans. Campaigns can persuade these
voters to favor one candidate over the other by
altering the level of importance they place on
their party and their issue positions.

The Persuadable Voter
Wedge Issues in
Presidential Campaigns

and Todd 6. Shialds

Princetan, NJ, 2008.

£17.95
ISBN 9780691133416,
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The authors offer three interconnected rea-
sons that this intersection of the two concepts
drives election outcomes. First, there are a
large number of potentially persuadable vot-
ers on any given issue. Hillygus and Shields
examined 25 issues that dominated the 2004
campaign and found that, on average, a quar-
ter of partisans disagree with their party on
any issue. Second, campaigns sway these
“cross-pressured” voters by shifting their pri-
orities among the sources of this internal
conflict. In 2004, for instance, Democrats’
attempts to highlight stem cell research cre-
ated cross pressures for many Republicans
who, in opposition to their party’s stance,
favored federal funding for such research.
Third, recent developments in information
and communication technology allow candi-
dates to carefully target voters of the opposite
party based on these issues. Campaigns can
now “micro-target” narrow appeals to small
cross sections of voters.

The first and third of these reasons make
up the heart of the book. The authors’ novel
approach to identifying both
persuadable voters and effec-
tive micro-targeting techniques
provides the most powerful evi-
dence for their argument. They
posit that given what we know
about voters, not every cam-
paign appeal will influence
every voter. Instead, campaigns
are effective because they can
target their arguments to the
predispositions of carefully
selected voters. For example, campaigns can
identify conflicted pro-guns Democrats or
socially liberal Republicans and then tailor
their appeals to tap these internal conflicts.
Thus, the candidates who will win are the ones
who can better exploit these internal divides of
the other party’s supporters while fending off
the appeals for their own partisans.

Ultimately, Hillygus and Shields’s theory
and evidence extend beyond our understand-
ing of campaigns and can be more broadly
applied to American politics. Their theory can
also explain historically important large shifts
in the electorate. For example, they suggest
that the cross pressures faced by racially
conservative Democrats coupled with the
Republican Party’s appeals to racial conser-
vatism created the steady transition of a solid
Democratic South to a Republican strong-
hold. The Persuadable Voter reminds us that,
overall, the outcome of elections and the face
of politics hinge on the ability of parties, can-
didates, and voters to adapt to each other and
to the changing nature of political appeals.

10.1126/science. 1166146
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POLITICAL SCIENCE

A Better Way
to Choose?

lain McLean

teven Brams’s opening sentence admits

that “it may come as a surprise to some

that there is a science of elections.” But
there is. It goes back hundreds of years; and
most people—including, alas, many politi-
cians and electoral system designers—are
utterly ignorant of it. This book would be a
good place to start. Brams (a professor at
New York University) has been known for
many years as a quirky but heavyweight
mathematical political scientist. With col-
leagues, he has pioneered two main areas.
One is approval voting; the other is fair divi-
sion. He brings them together in Mathematics
and Democracy, which chains together
papers written with several coauthors but has
more unity than most such collections.

The world of social choice has been
divided for 200 years between the Condorcet
and Borda principles, named after their propo-
nents, who were both active in the French
Academy of Sciences just before the Revo-
Iution. These principles would have led to
elections of different academicians—some-
thing academicians care about. By the Con-
dorcet principle, we should
choose the candidate who beats
all others in exhaustive pair-
wise comparisons. The Borda
principle chooses the candidate
who on average scores highest.
Both criteria sound reasonable,
but they may yield different
rankings and a Condorcet win-
nermay not exist. (In that case,
no matter which candidate is
ranked highest, another would
have wen a simple majority
vote against that candidate.)

The Condorcet and Borda
rules ask each voter to supply a full ranking
(of preference or indifference) among all the
candidates. So do proportional representation
electoral systems. Approval voting asks for
less. With it, each voter partitions the set
of candidates into “approved” and “not
approved” groups. The candidate(s) with the
most approvals is (are) elected. Approval vot-
ing may be used to fill one or more seats. It has

Democracy

Procedures

389 pp. Paper,
§27.95, £16.95.
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Mathematics and

Designing Better Voting
and Fair-Division

by Steven J. Brams
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An unfortunate consequence of approval voting? The Burr-Hamilton duel.

been adopted, at Brams’s urging, by several
professional societies in mathematics and sta-
tistics—but not by the American Political
Science Association.

Approval voting does not throw away
as much information as the US., Canadian,
or British electoral systems, which merely ask
voters to select one winner
and elect the modal choice.
(The United States adds the
distorting mirror of the Elec-
toral College for the presi-
dency.) But it uses less infor-
mation than either Condorcet or
Borda. So why has it any claim?

Like Borda, it may promote
broadly acceptable candidates
against those intensely liked
by some and intensely disliked
by others. However, Borda is
flagrantly manipulable (its in-
ventor said “my scheme is only
for honest men”), and approval voting is not.
In addition, approval voting is likely to choose
a Condorcet winner if one exists.

However, approval voting is not for
every election. As Brams admits in a foot-
note, something like it was initially used
under the U.S. Censtitution to select both
the president and vice president. In 1800,
after extensive manipulation by sophisti-
cated voters, it elected the very odd couple
of Thomas Jefferson and Aaren Burr. In
1804, Burr became the only serving vice
president before Dick Cheney to shoot

another politician (Alexander Hamilton,
who died of his wounds). The same year, the
Twelfth Amendment abolished the approval
voting-like procedure and substituted the
one still used.

The book explores several contexts in
‘which approval voting and its cousins may be
useful. It is safe in scientific societies but
may lead to odd results in mass elections
unless designed very carefully. Mathe-
matically (but not politically) simpler steps
like abolishing the Electoral College should
probably come first.

Fair division starts with the famous cake-
cutting protocol: you cut, [ choose. For two
quarreling siblings, this produces an envy-
free distribution. For more than two parties,
the math is surprisingly difficult. Brams has
contributed to the underlying mathematical
analyses; in the book, he discusses several
practical applications. One is to allocate
portfolios {ministries) in a coalition govern-
ment. This is required in Northern Ireland,
where the designers of the constitution
assumed that the parties would always quar-
rel, as they have been quarreling since about
1641. [n Northern Ireland, parties choose
portfolios in an order determined by the
number of seats they hold. There are two
main algorithms. The Jefferson rule (yes,
that Jefferson) weights the outcome in favor
of large parties. The (Daniel) Webster rule is
unbiased between large and small. Northern
Ireland uses Jefferson. Probably almost
nobody there knows that it is the Jefferson
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rule. The first and deputy first ministers of
Northern Ireland, among others, should read
Brams’s book.

King Solomon introduced game theory to
dividing indivisible babies. Brams has devel-
oped it. Another practical application is to
dividing assets after a divorce (of people,
companies, or Czechoslovakia). In this case,
the goods are often heterogeneous. One party
values the sports car more than the other, who
wvalues the garden more than the first. For both
heterogeneous and homogeneous goods,
Brams has proposed practical algorithms,
which are available to divorce lawyers and the
Middle East Quartet.

The image on the cover of Mathematics
and Democracy shows four people pulling on
two ropes. If they all pull, the knot will jam.
The book’s contents show, on the contrary, that
sometimes mathematics and game theory can
unjam the problems of voting.

10.1126/5cience. 1165974
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Elective Inequality
Robert Grafstein

against both the Democrats and the

Republicans, declaring “there ain’t a
dime’s worth of difference between them.”
Although a dime is worth a lot less now,
Wallace’s charge still resonates. Ralph
Nader’s similar message, for example, may
have cost Al Gore the presidency in 2000. In
Unequal Democracy, Larry Bartels (a dis-
tinguished political scientist at Princeton
University) forcefully argues that, in fact,
many dimes separate the Democrats and
Republicans: Democrats substantially re-
duce income inequality, and Republicans
substantially increase it. Put another way,
inequality in the United States is not merely
an economic phenomenon but a political-
economic phenomenon.

Given that a majority of the American
electorate have below-average incomes, why
is this inequality tolerated? Part of the
answer, according to Bartels, is that the
association between Democrats and civil
rights realigned the South. More than racial
politics, however, the public’s ignorance and
myopia are key ingredients in Republican
ballot box success. Democracy is working

In the 1960s, George Wallace inveighed

The reviewer is at the Department of Political Science,
Baldwin Hall, University of Georgia, Athens, GA 30602,
USA. E-mail: bobgraf @uga.edu

poorly in the United States not only, Bartels
argues, because Republicans work against
the material interests of a majority of the
voters and political elites are more respon-
sive to higher-income groups but also
because the majority is complicit in its own
political fleecing.

A short review cannot convey the rich
variety of arguments and data Bartels
deploys in making his case.
Some of his analysis focuses
on broadly characterized parti-
san differences, some on high-
profile examples such as the
politics of the minimum wage
and the estate tax. He will have
done a considerable service if
the next time we start thinking
about economics we also think
about politics.

But we should not stop think-
ing about economics. What is
the mechanism by which the
parties affect inequality? Bartels, as he ack-
nowledges, does not fully explore this impor-
tant and difficult question. He does argue that
the parties have an impact on after-tax income
distributions and the real value of the mini-
mum wage. His key systematic explanation
for pre-tax differences is the idea that
Democrats are more likely to favor growth at
the expense of inflation, and growth has the
greatest proportional impact on those at the
bottom of the economic ladder.

Governments stimulate growth through
monetary and fiscal policy. There is wide-
spread agreement that monetary policy can
improve growth only in the short run.
Persistent use of this lever will be ineffective
or worse. Long-run economic growth is
determined by productivity, so economic
policies having an impact during the life of
an administration will mostly produce fluc-
tuations around the overall trend in growth.
True, Democrats may promote higher pro-
ductivity growth with education spending
{but maybe not policy), investment in
research, and spending on infrastructure,
Jjust as Republican tax policy may improve
long-run growth with a positive impact not
necessarily reflected in income distribution
tables. But it is an open question whether
these economic results register within the
life of the responsible administration, which
is essentially where Bartels’s political ac-
counting focuses.

A difficulty with this part of Bartels’s
argument, then, is that too often it amounts
to atheoretical political accounting, albeit
accounting buttressed with sophisticated
and extensive statistical analysis. Thus, he

Unequal Democracy
The Pelitical Economy
of the New Gilded Age

by Larry M. Bartels

|| Sage Foundation,

ISBN 978069113663
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caleulates that there is an extremely small
probability (0.006) of getting by chance the
United States’ historical pattern—four out
of five Democratic administrations with
decreased inequality, six out of six Repub-
lican administrations with increased in-
equality. But even if voters use his particular
statistical approach, they would be mistaken
to infer that the conditional probability of
reduced inequality given a
Democrat is correspondingly
high. More important, the
underlying statistical model
is off-base. Although inequal-
ity can be mitigated, the
model seems to imply that if
the United States consistently
elected Democrats, it would
consistently have above-trend
growth and never-ending re-
ductions in inequality (an
idea implicitly tempered by
empirical estimates Bartels
offers elsewhere in the book).

Bartels tries to discredit the idea that parti-
san effects are deviations from trend and
thereby tries to downplay the role of eco-
nomic interactions across administrations.
He does so by claiming that Democrats and
Republicans are not elected as antidotes to
one another, because changes in the direction
of inequality are smaller after the White
House changes hands. But surely the degree
of inequality is not chosen unilaterally:
reversals are conditioned on the required
amount of adjustment. [nequality reduction
nder Johnson was large, for instance, but the
succeeding Nixon administration faced the
inflationary consequences. [ndeed, some of
the literature Bartels cites (in his discussion
of macroecenomic performance and income
growth) actually argues that Democratic eco-
nomic “success” hinges on the existence of a
viable Republican opposition.

In any case, myopia and ignorance are not
particularly deep explanations for the elec-
torate’s willingness to vote against its apparent
economic interest. And sometimes the igno-
rance charge boomerangs. For example, pace
Bartels, the estate tax does represent double
taxation to the extent that after-tax income
originally funded the investments making up
the relevant estates. In further defense of vot-
ers, Bartels shows that social issues do not cre-
ate as strong a headwind against class-based
voting as is often assumed and that lower-
income voters do tend to vote Democratic
while upper-income voters do tend to vote
Republican. Unequal Democracy offers an
important case for why this might be.

10.1126/sctence. 1166147
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PhET: Simulations That

Enhance Learning

Carl E. Wieman,' Wendy K. Adams,”* Katherine K. Perkins®

esearch on learning shows that stu-
Rdems learn better when they con-

struct their own understanding of
scientific ideas within the framework of
their existing knowledge (/). To accomplish
this process, students must be motivated
to actively engage with the content and must
be able to learn from that engagement. Inter-
active computer simulations can meet both
of these needs. A growing body of research
analyzes their design and use (2, 3). Here,
we summarize some of the research of the
Physics Education Tech-

A library of interactive computer simulations
aids physics instruction worldwide.

cules in a sound wave);

nology (PhET) project,
particularly that related
to simulations and student
motivation.

We find that an impor-
tant element of education-
ally effective simulations
is that students view these
simulations much as sci-
entists view their research
experiments (3). The sci-
entist approaches research
as an enjoyable opportunity to explore basic
concepts, as well as to challenge, correct,
and add to his or her understanding of how
the world works. Similarly, the student
usually finds exploring the simulations fun
and, through this exploration, discovers new
ideas about the science. A well-designed
simulation focuses the student’s attention on
the basic scientific concepts. When some-
thing unexpected happens, the student ques-
tions her understanding and changes param-
eters in the simulation to explore and improve
her understanding—approaches similar to
those taken by a scientist working with an
experiment. This behavior is in contrast to
the way students approach hands-on experi-
ments typically used in classes. Students
often think that their goal with such experi-
ments is to reproduce a preordained result as
fast as possible, without making a mistake.

1Science Education Initiative and Department of Physics &
Asirenomy, University of British Columbia, Vancouver, 8C
V61173, Canada. 2Department of Physics, University of
Coloraco, Boulder, CO 80309, USA.

*Author for correspondence. E-mail: wendy.adams@
colorado.edu
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Many factors of simu-
lations contribute to
this contrast. Identify-
ing these factors is im-
portant for effective
design and use of educational simulations
and could help improve typical in-class
experiments.

The PhET project (http://phet.colorado.
edu) has developed more than 80 interactive
simulations. These cover various topics in
physics and real-world applications, such as
the greenhouse effect and lasers. There are
16 simulations on chemistry topics, as well
as several simulations for math, biology. and
earth science. PhET simulations run through
standard Web browsers and they can be inte-
grated into a lecture, used with laboratories
or as homework assignments, or used as
informal resources. A PhET simulation
requires several months to create, has
10,000 to 20,000 lines of code, and is tested
through a series of student interviews. These
simulations are used worldwide and at all
levels—from grade school through upper-
level university courses.

The “Wave Interference” simulation (see
figure above) illustrates common PhET sim-
ulation features: (i) familiar elements (audio
speakers and faucets) to build real-world
connections; (ii) visual representations to
show the invisible (the motion of air mole-

"Wave Interference” simulation. The student
can investigate water waves (inset), sound waves
(panel shown), and light waves.

(iii) multiple representa-
tions to support deeper
understanding (pressure
differences visualized by
density of air molecules,
by light and dark shading
on the gray-scale view,
and by the pressure ver-
sus time graph); (iv) mul-
tiple directly manipulated
variables (sliders control-
ling frequency and ampli-
tude of the wave, as well
as choice of number and
spacing of the sources);
(v) instruments for quan-
titative measurements and
analysis (measuring tape,
clock, and pressure meter);
(vi) animated graphics tested to ensure cor-
rect interpretation; and (vii) distortion and
simplification of reality to enhance educa-
tional effectiveness.

In PhET simulations, the visual display
and direct interaction help answer students’
questions and develop their understanding.
Animated graphics are used to convey how
scientists visualize certain phenomena such
as electrons, fields, and graphs (see figure,
page 683). [nteracting with the simulation
helps users develop their own mental models
and understanding of the science. This is
particularly helpful for students of quantum
mechanics (4).

Research by the PhET project on design
and use of simulations in a variety of educa-
tional settings (5) generated the following
findings. Students doing a 2-hour exercise
using the “Circuit Construction Kit” simula-
tion in a one-semester course demonstrated
higher mastery of the concepts of current
and voltage on the final exam than students
who did a parallel laboratory exercise with
real electrical equipment (6). In a quantum
mechanics course using a curriculum based
on the “Photoelectric Effect” simulation,
~80% of the students demonstrated mastery
of the concepts, whereas only 20% did so in
a course using traditional instruction (4).
‘When used as a lecture demonstration, the
“Wave on a String” simulation resulted in
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greater conceptual learning than did the
standard demonstration (2).

We have also conducted more than 250
interviews of individual students using
PhET simulations in a think-aloud format.
These interviews reveal how and why stu-
dents interact with simulations and how
this interaction leads to learning (7, 8).
First, students find the simulations to be
fun and intellectually engaging. Students
{and teachers) will spontaneously play for
hours with some simulations in education-
ally productive ways. We have identified a
number of characteristics that make a sim-
ulation this engaging, many of which are
what make video games engaging (9).
These include (i) dynamic visual environ-
ments that are directly controlled by the
user, (ii) challenges that are neither too
hard nor too easy, and (iii) enough visual
complexity to create curiosity without
being overwhelming. [tems (ii) and (iii) are
best developed through iteration and test-
ing with students.

We find that students are not able to
make sense of the science in the simulation
just from watching. They must interact
actively with the simulation. Most of the
learning oceurs when the student
is asking herself questions that
guide her exploration of the sim-
ulation and her discovery of the
answers. When students engage in
such self-driven exploration, they
learn better. For example, nonsci-
ence students with no prior
knowledge of physics are able to
provide quite good explanations
of an electromagnetic wave after
less than an hour playing with the
“Radio Waves” simulation. (Even
physics majors have a hard time
explaining electromagnetic waves
after a year of physics.)

This sort of self-driven explo-
ration is very similar to what a
scientist does with an experiment.
It is the students” perceptions of the simula-
tions that encourage them to explore in a
similar manner. Students have little fear of
breaking the simulations or hurting them-
selves, and they trust the simulations to be
correct. Some learning goals are not
addressed through the simulations, such as
operating complex laboratory equipment { 3).

In the study comparing the use of
“Circuit Construction Kit” with equivalent
real equipment (5), students were observed
to do more spontanecus experiments with
the simulation than with the corresponding
real electrical equipment. Groups using the

real equipment frequently stopped to ask
questions of the Teaching Assistant {TA) that
indicated concerns over hurting themselves
or breaking the equipment. The simulation
groups rarely asked questions of the TA and
were constantly discussing within their peer
groups and trying various circuit configura-
tions to test their ideas. In another study,
we used the simulations “Moving Man.”
“Projectile Motion,” and “Energy Skate
Park” to supplement the use of laboratory
equipment. Students expressed a strong
preference for simulations over the real
equipment. They repeatedly commented that
it was easier to see what was happening with
the simulations and that they were more fun
than the real equipment. In contrast, unex-
pected results with the real equipment were
commonly blamed on human error or defec-
tive equipment, and there was very little
exploration. We heard numerous comments
about how it was nice that the simulations
were always correct and they (the students)
could not break them, as they could the real
equipment ({{).

As scientists, we perceive our experi-
ments through an “expert filter” arising
from our extensive experience and knowl-

Faraday Laboratory. In a series of panels, students explore bar
magnels and electromagnets, induced currents, transformers,
and, finally, hydroelectric power generation.

edge, and this perception allows us to see
our experiment much the way these students
perceive PhET simulations. As scientists, we
recognize the important aspects of the appa-
ratus and ignore the trivial, so it is neither
overwhelmingly complex nor frightening.
‘We perceive challenges that engage us to
carry out exploration and discovery.

A good simulation provides the student
with the equivalent of training wheels on a
bicycle, effectively substituting the con-
straints and display of the simulation for
expertise. This support allows students to
carry out exploration and learning that is

EDUCATIONFORUM

cognitively similar to that of a scientist,
something they do not have the experience
or motivation to do with most real equip-
ment in physics. With real equipment, the
numerons complex unknowns are mys-
terious, uncontrollable, and threatening.
Without an “expert filter,” every detail is
seen as equally important. For example, we
have seen students in electric circuit labo-
ratories spend considerable time worrying
about the significance of the (irrelevant)
color of plastic insulation on the wires. We
alse see in simulation testing how rapidly
expert-like understanding can change a
person’s perception. With the “Radio
‘Waves” simulation, if students are initially
faced with the full-field view, they are
overwhelmed. They find the simulation un-
pleasant, and they are reluctant to interact
with it. However, if a student begins with
the standard simple start-up panel, they
will readily explore and develop an under-
standing so that, when they later encounter
the full-field view, they understand it and
actually prefer it. Simulations can therefore
be designed to introduce students to
increasing levels of complexity and messi-
ness, which may be an effective and engag-
ing way to prepare students for real scien-
tific research.

Carefully developed and tested educa-
tional simulations can be engaging and
effective. They encourage authentic and pro-
ductive exploration of scientific phenom-
ena, and provide credible animated models
that usefully guide students’ thinking.
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eaching students to think as scientists
T do has traditionally been accom-

plished by immersing undergradu-
ates in a full-time summer research
program, an experience that enhances pro-
fessional development and provides career
clarification ({1, 2). We believe that conduct-
ing research is the best way to learn how
knowledge is defined and created in a field.
Furthermore, students acquire a deeper
understanding of fundamental concepts as
they apply what they have learned to accom-
plish defined research goals. Undergraduate
research experiences can sustain student
interest in a science career, providing an
opportunity to work collaboratively with
colleagues while making novel contribu-
tions to the community (1),

Most undergraduates begin their re-
search with mentoring by a faculty mem-
ber, graduate student, or postdoctoral stu-
dent (postdoc) during a summer spent in
the laboratory. This approach, while usu-
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ally successful, excludes many students
who do not have the summer free or
funded. Other barriers include limited
funding and facilities, as well as a lack of
experienced mentors (/, 3). Thus, we must
incorporate student research experiences
into our regular academic-year curriculum
to make such experiences more broadly
available. Our experiences as founding
members of the Genomics Education
Partnership (GEP) encourage us to believe
that a curriculum in genomics can train stu-
dents to think like scientists (4).

‘Genomics for Undergraduates

Genomics is an attractive area for student-
scientist partnerships. First, genomics repre-
sents an exciting advance in the life sci-
ences. With genomics, we can analyze not
only one gene, but many genes, and can
address questions ranging from patterns of
gene expression to evelution of a species.
Second, the teaching and research materials
can be obtained for little or no cost: DNA
sequences and microarray results are freely

The Genemics Education Partnership offers
an inclusive model for undergraduate research
experiences, with students pooling their work to
contribute to international databases.

available on the Web (5, 6). Third, genomics
research projects can range from simple to
complex, which allows engaging in them to
match a variety of academic calendars.
Mindful of these advantages, a number
of faculty groups and institutions have
launched projects to bring genomics into
the undergraduate curriculum. These range
from primarily utilizing computer-based
resources for annotation and analysis to
having a major wet-laboratory focus (7, &).
Two major projects engage students in
analyzing genomes from phage and from
bacteria or archaea (9, /0) (see supporting
online text). GEP was formed in 2006 as a
collaboration between faculty from various
institutions and the Biology Department
and Genome Sequencing Center at Wash-
ington University in Saint Louis. The group
currently consists of over 40 faculty mem-
bers who teach undergraduate courses in
biology, statistics, mathematics, and com-
puter science at a variety of institutions, in-
cluding research universities, master’s
degree-granting comprehensive universi-
ties, and private baccalaureate-granting
colleges (4). The goal of the GEP is to pro-
vide opportunities for undergraduate stu-
dents to participate in original research
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Student ratings of learning gains. Mean learning gains for common survey items on the SURE, CURE, and
GEP surveys. The SURE survey data represent 1973 undergraduate summer research experiences {"Summer
research” data paints). The CURE survey data represent 560 student surveys from sdence courses that did not
include a research-like experience “Courses without research” data paints). The GEP survey data represent
308 students in GEP courses (SOM). Error bars represent 2 SEM.
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experiences within the framework of course
curricula. The GEP pools student efforts
across institutions to improve DNA se-
quence quality and to generate hand-
curated gene models. Developing a coordi-
nated research effort allows us to tackle
large projects together and to make work in
eukaryotes accessible. The first project
undertaken by GEP members was sequence
improvement and annotation of the dot
chromosomes of several Drosophila species.
The distal 1.2 megabases of this unusual
small chromosome are of interest because
the domain appears to be heterochromatic,
a packaging state normally associated with
gene silencing, but it has the same gene
density of more transcriptienally active
euchromatic regions (/7). Because of the
high density of repetitious elements,
improving the sequence to verify the as-
sembly, close gaps, and raise the quality
estimate to 1 error in 1000 bases provides
greater credibility to the analysis. Anno-
tation then follows, with students generat-
ing the most plausible gene models based
on available evidence, and then defending
their models (4). (See supporting online
text for a more detailed description.)

Economies in mentoring can be realized
because the students are all using similar
tools and strategies as they work independ-
ently on a specific region. The amount of
sequence assigned to a student can be
adjusted according to the available time.
During a typical semester laboratory course,
one student can improve and annotate 40 kb
of Drosophila DNA. By organizing the raw
data into 40-kb packages that can be
“claimed” from a Web site, the GEP can
undertake fairly large projects for sequence
improvement and annotation.

Participating course instructors integrate
this research into their courses using a vari-
ety of formats. Results from the individual
students are then checked and pooled at
Washington University to create the final
dot chromosome assembly that is used to
penerate a variety of statistics docurnenting
the nature of the chromosome and the genes
present. Comparing dot chromosomes of
several Drosophila species allows us to
address issues of chromosome evolution.

Assessment and Sustainability

Students know that their work will be used
for a scientific publication and deposited in
a public database for other scientists to build
from. Sequence data are submitted to
GenBank, and annotation results to FlyBase.
One scientific paper has been published
based on student work (/2); contributing

students are coauthors. We anticipate an
accumulation of publications and database
contributions with time. The significance of
this is illustrated by some of the comments
from students and teaching assistants (TAs)
(table S1).

Students completed a postcourse survey
of their perceptions. This survey, a variation
of the Classroom Undergraduate Research
Experiences survey (CURE) (4), parallels
one evaluating summer undergraduate re-
search experiences (SURE) (J, /3). GEP
students report learning and professional
gains similar to those reported by students
who have spent a summer in the laboratory
(see the figure on page 684 and table 52).
High ratings from GEP students on “knowl-
edge construction,” “assertions need evi-
dence,” “analyze data,” and “science writ-
ing” are similar to other research-like expe-
riences (/4, 15). From the perspective of stu-
dents, the GEP course experience is more
like summer research than like a standard
science course without research. As the GEP
matures, more assessment protocols are
being added. Currently, the faculty are
devising content tests for annotation and fin-
ishing. The GCAT has reported that students
in that program make significant gains
in comprehension of topics in functional
genomics and show increased interest in
research (/6).

Research opportunities in genomics are
likely to increase. There are now 11 se-
quenced Drosophila species in addition to
D. melanogaster, the commonly used labo-
ratory species (/7). By choosing regions of
biological interest, so that the results con-
tribute to research papers, as well as to the
databases, much can be accomplished by a
student-scientist partnership that otherwise
might be difficult to attain.

We invite scientists to consider what
might be accomplished by a distributed
community of undergraduate scientists col-
laborating on a particular set of genes or
genomes. At present, the GEP has over 40
members, and membership is growing (4).
GEP faculty and their (usually undergradu-
ate) TAs come to Washington University for
a 1-week workshop to learn the relevant
software and to discuss pedagogical issues.
As the program develops at an institution,
the previous year’s students can be recruited
as the next year’s TAs. This strategy fosters
sustainability and allows class size to grow.
Efficient implementation favors one experi-
enced person (the TA or faculty member) for
every six or seven novices to provide sup-
port for students learning to use software
and to evaluate data. Although most institu-

EDUCATIONFORUM

tions already maintain computer laborato-
ries, which minimizes start-up costs, train-
ing for faculty and TAs is essential. Faculty
and project leaders must agree on a common
rubric for sequence improvement and anno-
tation goals and on a common reporting
mechanism. Geod on-site information tech-
nology support is important, but the basic
strategy is very portable. The opportunity to
teach about genes, genomes, and the flow of
biological information using this hands-on
approach provides entry into a rich domain
of data. We have found that involving under-
graduates ina genomics research projectisa
rewarding way for faculty to teach and for
undergraduates to learn.
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Assessing Ground Shaking

Daniel R. H. 0"Connell

hen engineers design structures to
‘ N ’ withstand earthquakes, they rely
on ground-shaking prediction mod-
els (/). These models must account for the
different ways in which the seismic energy
radiated from the rupture of a fault propa-
pates through the subsurface rock and the
overriding soil (see the figure, panel A).
These models are based on ground-shaking
data recorded at surface and at depth in
underlying rock and soil (2-5). Such data are
collected by the Kyoshin Network, or Kik-
net, in Japan (6). On page 727 of this issue,
Aoi ef al. (7) analyze ground motions re-
corded by Kik-net during the 2008 magnitude
6.9 Iwate-Miyagi earthquake. One soil-
surface site recorded a vertical acceleration
of 3.8g (gravity), which was unprecedented
both in its magnitude and because the peak
wvertical acceleration vastly exceeded the peak
horizontal acceleration. Aoi ef al. present a
plausible mechanism that accounts for this
exceptional behavior that illustrates some of
the outstanding challenges in modeling sur-
face motion caused by earthquakes.

Seismic wave propagation is complex
because although rock layers respond linearly
to changes in input shaking amplitudes, shal-
low soils can nonlinearly amplify seismic
waves as a function of seismic wave ampli-
tude, particularly near the surface, and typi-
cally reduce the amplitudes of high-frequency
accelerations (2, 3, 8, 9).

Ground-motion observations obtained
solely at the surface do not uniquely constrain
models of surface motion (2-5), so special-
ized recording networks have been created.
The 660 stations of Kik-net record accelera-
tions in three orthogonal directions, both at the
surface and in boreholes at the depths required
to reach competent rock. These data generally
show that seil acts as a damper that reduces
amplification of horizontal and vertical
motions. Laboratory testing of most soils
shows that, at the low confining pressures typ-
ical of shallow soils, increasing shear strains
will decrease soil shear stiffness and increase
anelastic damping of seismic waves (/0-12).
What this means in the field is that at many
soil sites the ground does not shake as hard or
as long during large earthquakes as would be

William Lettis & Assaciates, Inc., Golden, CC 80401, USA.
E-mail: aconnell@lettis.com

suggested by ground shaking produced by
small earthquakes (3, 8, 9, 73).

Exceptions are known, however. Fluid-sat-
urated soil can exhibit high-frequency hori-
zontal acceleration spikes (0.4 to 0.8g), asso-
ciated with transient periods when the soil
dilates and pore pressure decreases, that can
increase ground-shaking durations and high-
frequency amplification (2, 74). The horizon-
tal borehole and surface motions reported in
Aoi efal are generally consistent with the soil
reducing surface horizontal accelerations at
high frequencies, as is widely observed at soil
sites (3, &, 9, 13). However, the surface verti-
cal peak acceleration exceeded 3.8g, exceed-
ing the maximum expected amplification,
based on the site velocity profile between the
borehole and the surface accelerometers, and
known linear or nonlinear theories of soil
behavior. Further, the largest upward acceler-
ations at the surface were more than twice that
of the largest downward accelerations.

Aoi et al. propose a conceptual model for

Monitoring and modeling the complex
interaction of seismic waves with soils
is critical for mitigating earthquake risks.

with nearly zero confining pressure near the
surface. The soil particles that were trans-
ported upward separate under large downward
acceleration, and in this quasi free-fall state,
the accelerations at the surface only modestly
exceed gravity. When the particles rebound,
large upward accelerations compact the soil
and produce much larger upward accelera-
tions. Aoi ef al. report three cases of these
anomalous large vertical acceleration amplifi-
cations in a search of 200,000 strong motion
recordings. At least one example from a site in
North America may also exist (/5). Another
candidate physical mechanism that could pro-
duce these vertical accelerations would be the
development of transient force chains in a
granular material, which are regions that tem-
porarily become stiffer, in response to strong
horizontal shear strains (/6, /7). A quantitative
physical understanding of these anomalous
large vertical accelerations will require more
detailed investigations of the sites” material
properties to determine the conditions and

this asymmetry. Their model uses a loose soil ~ processes that produce them.
A
. B
1§10 <~ >y Freesurace - > i Free surface

T\ Linear rock
T e

‘Wavefronts

Free surface

Free surface

From fault rupture to ground shaking. (A) A complex seismic wave field is radiated as rupture proceeds
acrass a fault. At the bottom, the color-coded slip-velocity distribution {in meters per second) estimated
for the 1994 moment magnitude 6.7 Northridge earthquake illustrates this complexity, Fault rupture
began at the hypocenter (base of white arrow), and the white arrow points toward the Last part of the fault
to rupture. At the top, ground motiens al the surface result from complex linear and nonlinear interactions
between waves propagating upward from the fault, waves reflected downward from the surface, and waves
scatlered by heterageneity within the crust. (B to D) The substructure approach used in engineering analy-
ses of buildings is illustrated by three separate and isolated analyses, which can adequately approximate
the actual ground shaking at the base of the structure if nonlinear soil amplification responses vary
smoothly as a function of amplitude.
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These observations of nonlinear wave
propagation need to be modeled success-
fully in order to have practical engineering
implications. Currently, the integrated phys-
ical processes of earthquake rupture and
wave propagation are separated into simpler
substructure analyses. To make the compu-
tations feasible, empirical ground-motion
prediction equations (/8) or the large-scale
physics of earthquake rupture and wave
propagation are used to obtain linear free-
surface ground shaking (7, /9, 20) that omits
the soil component (see the figure, panel D).
The linear ground motions are then used as
inputs to calculate surface and embedded
motions in a model that accounts for nonlin-
ear soil respenses (see the figure, panel C).
Finally, the ground-motion outputs are used
to conduct soil-structure interaction (SSI)
analyses (2/) that include both the founda-
tion and the engineered structure (see the
figure, panel B).

It is not clear that the anomalous large ver-
tical accelerations observed by Aoi ef al. could
oceur in the foundation of a structure at a site
that has been compacted and had a foundation
emplaced, particularly because large struc-
tures impose considerable confining pres-
sures on a soil. Specifically, can these new
large accelerations occur at the foundation
level of buildings and critical structures?

Answers to this question will require a
much larger-scale deployment of strong
motion sensors at the foundation level of
buildings. In this regard, the volunteer-based
Quake-Catcher Network (QCN) links triaxial
accelerometers internal to many laptops and
low-cost USB-port accelerometers connected
to desktops to a network of servers (22, 23).
The USB sensors are typically set to record up
to 2g, but can record up to 6g with reduced
resolution. Currently, the network has roughly
500 users globally, but within the next 6 to 9
months 1100 USB sensors will be installed in
schools, firehouses, and community build-
ings. The QCN could record many thousands
of ground motions at the foundation level of
buildings from a single earthquake, vastly
exceeding the scope of single-earthquake
ground-motion recordings that have been
obtained to date. The data obtained will pro-
vide valuable constraints on the practical lim-
its on ground-shaking amplitudes imposed on
buildings and critical structures, an issue that
is currently far from resolved (24, 25).
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CLIMATE CHANGE

Whither Hurricane Activity?

Gabriel A. Vecchi,' Kyle L Swanson,? Brian J. Soden’

key question in the study of near-
Aterm climate change is whether

there is a causal connection between
warming tropical sea surface temperatures
(SSTs) and Atlantic hurricane activity (J-3).
Such a connection would imply that the
marked increase in Atlantic hurricane activ-
ity since the early 1990s is a harbinger of
larger changes to come and that part of that
increase could be attributed to human
actions (3). However, the increase could also
be a result of the warming of the Atlantic rel-
ative to other ocean basins (4), which is not
expected to continue in the long term (5). On
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current evidence, can we decide which inter-
pretation is likely to be correct?

To appreciate the problem, consider the
observed relation between hurricane activity
[power dissipation index (PDI)] {6) and SST
in the main development region of Atlantic
hurricanes (hereafter “absclute SST”). Be-
tween 1946 and 2007, this relation can
be defined by a simple linear regression
between the two quantities (see Supporting
Online Material). This observed relation can
be extrapolated into the 21st century using
absolute SSTs calculated from global cli-
mate medel projections (see the figure, top
panel) (7). By 2100, the model projections’
lower bound on S-year averaged Atlantic
hurricane activity is comparable to the PDI
level of 2005, when four major hurricanes
(sustained winds of over 100 knots) struck
the continental United States, causing more
than $100 billion in damage. The upper

Alternative interpretations of the relationship
between sea surface temperature and hurricane
activity imply vastly different future Atlantic
hurricane activity.

bound of the projected 5-year average
exceeds 2005 levels by more than a factor of
two. This is a sobering outlook that, com-
bined with rising sea levels, would have dra-
matic implications for residents of regions
impacted by Atlantic hurricanes.

However, there is an alternate future,
equally consistent with observed links be-
tween SST and Atlantic hurricane activity.
Observational relationships (4), theories
that provide an upper limit to hurricane
intensity (5), and high-resolution model
studies (&) suggest that it is the SST in the
tropical Atlantic main development region
relative to the tropical mean SST that con-
trols fluctuations in Atlantic hurricane activ-
ity. Between 1946 and 2007, this “relative
SST” (see the figure, bottom panel) is as
well correlated with Atlantic hurricane
activity as the absolute SST. However, rela-
tive SST does not experience a substantial
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Atlantic tropical cyclone power dissipation index anomalies

bilizes the atmosphere (5). Further-
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more, relative Atlantic 8ST warming
is associated with atmospheric circu-
lation changes that make the environ-
ment more favorable to hurricane
development and intensification
(9-11).

Further evidence comes from
high-resolution dynamical techniques
that attempt to represent the finer spa-
tial and temporal scales essential
to hurricanes, which century-scale
global climate models cannot capture
due to computational constraints.
High-resolution dynamical calcula-
tions under climate change scenarios
(8, 12-14) (green symbols in the fig-
ure) are consistent with the domi-
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cal simulation showing the most
marked increase in Atlantic hurricane
activity under climate change (/3) is
within the projected range for relative
SST but outside the projected range
for absolute SST.

‘Whether the physical connections
between hurricane activity and SST
are more accurately captured by
absolute or relative SST also has fun-
damental implications for our inter-
pretation of the past. If the correlation
of activity with absolute SST repre-
sents a causal relation, then at least
part of the recent increase in activity
in the Atlantic can be connected to
tropical Atlantic warming driven by

iy
1980

T
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Past and extrapolated changes in Atlantic hurricane activity. Observed PDI anomalies are regressed onto
observed absolute and relative SST over the periad from 1946 to 2607, and these regression madels are used to build
estimates of PDI fram output of global climate madels for historical and luture conditiens. Anomalies are shown rel-
ative to the 1981 to 2000 average (2,13 x 16" m? s7)., The green bar denoles the approximate range of PDI anom-
aly predicted by the statistical/dynamical calculations of {12). The other green symbols dencte the appraximate val-
ical modals: circle (8), star (13), and diamond (15), SST indices are computed
over the region 70°W-20°W, 7.5°N-22.5°N, and the zero-line indicates the average over the period from 1981 to

ues lution d

d by high-r
2000. See Supporting Online Material for details.

trend in 21st-century projections. Hence, a
future where relative SST controls Atlantic
hurricane activity is a future similar to the
recent past, with periods of higher and lower
hurricane activity relative to present-day
conditions due to natural climate variability,
but with little long-term trend.

From the perspective of correlation and
inferred causality, this analysis suggests that
we are presently at an impasse. Additional
empirical studies are unlikely to resolve this
conflict in the near future: Many years of
data will be required to reject one hypothesis

T i
2060 2080

in favor of the other, and the climate model
projections of hurricane activity using the
two statistical models do not diverge com-
pletely until the mid-2020s. Thus, it is both
necessary and desirable to appeal to nonem-
pirical evidence to evaluate which future is
more likely.

Physical arguments suggest that hurri-
cane activity depends partly on atmospheric
instability (2), which increases with local
warming but is not determined by Atlantic
SSTs alone (5). Warming of remote ocean
basins warms the upper troposphere and sta-

human-induced increases in green-
house gases and, possibly, recent
reductions in Atlantic aerosol loading
(3, 15, 16). In contrast, if relative
SST contains the causal link, an attri-
bution of the recent increase in hur-
ricane activity to human activities is
not appropriate, because the recent
changes in relative SST in the Atlantic
are not yet distinct from natural cli-
mate variability.

We stand on the cusp of potentially large
changes to Atlantic hurricane activity. The
issue is not whether SST is a predictor of this
activity but how it is a predictor. Given the evi-
dence suggesting that relative SST controls
hurricane activity, efforts to link changes in
hurricane activity to absolute SST must not be
based solely on statistical relationships but
must also offer alternative theories and models
that can be used to test the physical arguments
underlying this premise. In either case, contin-
uing to move beyond empirical statistical rela-
tionships into a fuller, dynamically based
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understanding of the tropical atmosphere must
be of the highest priority, including assessing
and improving the quality of regional SST pro-
Jjections in global climate models.
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MATERIALS SCIENCE

Nanoscale Polymer Processing

Christopher L. Soles’ and Yifu Ding?

tis difficult to find a manufactured object

that does not contain at least some poly-

meric (plastic) components. This ubiquity
reflects the ease with which pelymers can
be formed into arbitrary shapes through
processes that induce flow of a viscous poly-
mer melt into the cavity of a mold or die.
The equations that quantify the rheological
response of viscous polymer melts under
large-scale deformations have been developed
over the past 60 years, providing the para-
digms by which forming processes are opti-
mized to produce well-controlled, high-quality,
robust polymeric parts (/). These paradigms,
however, are poised to change as polymer pro-
cessing approaches the nanoscale. On page
720 of this issue, Rowland et al. present evi-
dence suggesting that the relationships that
govern the viscous flow of polymers in highly
confined geometries are dramatically differ-
ent from those of the bulk (2).

Nanoimprint lithography (NIL) can be
used to manufacture polymeric features with
dimensions of 10 nm or smaller (3). The ther-
mal embossing form of NIL relies on a melt
squeeze-flow process to transform a smooth
polymer film into a patterned surface. Nano-
scale features that have been etched into sili-
con, quartz, or some other hard template
material can be inexpensively replicated by
stamping the template into a thin polymeric
film. Even roll-to-roll NIL tools capable of
continuous, high-throughput patterning are

Polymers Division, National Institute of Standards and
Technology, Gaithersburg, KD 20899, USA. *Department of
Mechanical Engineering, University of Colorado, Boulder,
€O 80309, USA. E-mail: csoles@nist.gov

now available (). However, optimizing such
NIL processes will require knowledge of the
rheological response of the polymer being
squeezed into a nanoscale cavity, as well as the
effect of this response on the properties of the
imprinted structure (5).

The large-strain deformation properties of
a polymer melt are dominated by the topolog-
ical entanglement of the transient network
established by the sea of interpenetrating
polymer coils (see the figure). The volume
pervaded by a single molecule (proportional
to R 3, where R_is the
radius of gyration of a
single coil) is nearly
an order of magnitude
larger than the sum of the
hard-core volumes of the
atoms that constitute the
macromolecular chain.
The degree of interpene-
tration or entanglement
between neighboring coils
is determined by the per-
vaded volume of a single
macromolecular coil and
the packing density of
the individual chain seg-
ments. The large-scale
rheological response of a
polymer melt is then
determined by the re-
sponse of this entangled
network to an applied
load. Both the pervaded
volume and the extent
of entanglement increase
with molecular mass,

The established rules for fabricating plastics
now require a rethink as feature sizes of the
products head toward the nanoscale.

thereby making the flow of the high-molecular-
mass melts more viscous. The rheological
consequences of squeezing a polymer into a
cavity or dimension that is smaller than the
pervaded volume of the molecule itself are
not obvious.

Because quantitative rheological measure-
ments in NIL are complicated, Rowland e al.
designed a simplified method that mimics the
large-strain deformation fields encountered.
An instrumented indenter records the force
and displacement as a well-defined flat punch

Sub-Ry-thickness polymer film

Processing polymers. (Upper left) A sea of interpenetrating macromolecu-
lar coils in a polymer melt. (Right) An arbitrary pair of nearest-neighbar
coils, highlighted in red and blue, is lifted from the mell to illustrate their
radius of gyration (R )} and the fact that interpenetration or entanglement
between the coils exis%s: the separation between the centers of mass between
the two coils is less than 2R, . (Lower left) For thin films with total thickness
below R , the coils do not appear to spread laterally, and &,
This implies that the interpenetration of the coils decreases, and as argued by
Rowland et of., suggests a loss of entanglement and a decreased resistance
to flow in a thin-film polymer melt.
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is pressed into a polymer film. The films are
monodispersed polystyrenes with average
molecular masses of 9000 kD, 900 kD, and 44
kD, with corresponding R_values of approxi-
mately 84 nm, 26 nm, andgé nm, respectively,
in the bulk melt state (R scales with the
square root of molecular mass). The film
thickness, 4, is varied from 170 nm to 36 nm,
becoming thinner than the R of the highest-
molecular-mass polystyrenes. The authors
argue that the rheological response where the
thickness of the film is strongly confining rel-
ative to the diameter of the molecule is rele-
wvant to an NIL imprint where the mold cavity
is smaller than the R, of the polymer.

The results are striking. For thick films
(h >> R ), the resistance to the large-strain
deformation of the polymer melt increases
substantially with the molecular mass of the
polystyrene, consistent with the bulk viscos-
ity. However, when the film thickness is
smaller than the radius of gyration, both the
contact modulus (the resistance to small-
scale elastic deformation) and the forming
stress (the load required to induce large-scale
plastic deformation) are strongly reduced.
For the polystyrene with the highest molecu-
lar mass (000 kD) in the 36-nm film, which
is approximately one-half the bulk R , both
the forming stress and large-strain deforma-
tion resistance are smaller than for the lowest-
molecular-mass polystyrene (44 kD) of the
same thickness. This thickness is still about 6
times the bulk Rs for the 44-kD polystyrene

and is therefore presumably less confined.

Why such a dramatic reduction of the
forming stress and flow resistance in high-
molecular-mass polymers relative to the bulk
viscosity? The large-strain properties of poly-
mers are dominated by the topological entan-
glements of the transient network established
by the interpenetrating polymer coils (6). For
chains at surfaces, at interfaces, and in thin
films, it has been suggested that the interface
acts as a reflecting plane. The polymer coil is
not allowed to cross the boundary, so it must
“reflect” and remain within the confines of
the interface (7-9). Small-angle neutron scat-
tering measurements on thin polymer films
have shown that the R_ in the plane of the film
is unaffected by thin-film confinement (/0).
This means that when the film thickness
decreases and starts to compress the coil in the
vertical direction, the polymer does not
respond by spreading laterally in-plane (see
the figure). Rather, the chain folds back on
itself at the film interface, resulting in the
chain segment’s nearest neighbors belonging
to the same chain, thus decreasing the degree
of coil-coil interpenetration (/7).

These arguments are provocative given the
strong correlation between entanglement and
melt theology. A loss of entanglement would
seem to facilitate flow in polymer thin films.
Although this has been very difficult to prove,
the experimental results of Rowland et al. pro-
vide some of the strongest evidence to date to
support this argument. Si and co-workers (/2)

used tensile deformation measurement of
glassy polystyrene to deduce a loss of entan-
glement in thin polymer films, which seems to
support the reports of facilitated flow here.
However, there are also compelling reports
from bubble inflation (/3) and surface force
(/4) measurements of polymer melts “stiffen-
ing” in very thin films. How this problem
unravels is not only a scientifically intriguing
question, but is also of technical relevance as
manufacturing processes such as NIL evolve
to fabricate nanoscale features from relatively
gigantic molecules.
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ECOLOGY

Physiology and Climate Change

Hans 0. Pértner' and Anthony P. Farrell?

ngoing ecosystem changes in re-
Osponse to climate change include

poleward or altitudinal shifts in geo-
graphical distribution (/-3), population col-
lapses or local extinctions (4), failure of large-
scale animal migrations (5), changes in the
seasonal timing of biological events (6), and
changes in food availability and food web
structure. These changes are largely driven
by environmental temperature (/, 7). Exam-
ples from aquatic animal communities show
that study of physiological mechanisms
can help to elucidate these ecosystem chan-

Inimal Ecophysiclogy, Alfred-Wegener-Institute for Polar
and Marine Research, 27515 Bremerhaven, Germany.
£-mail: hans.poertner@awl.de “Department of Zoolagy
and Faculty of Land and Food Systems, University of Brifish
Columbia, Vancouver, V6T 124 Canada.

ges and to project future ecological trends.

All organisms live within a limited range of
body temperatures, due to optimized structural
and kinetic coordination of molecular, cellular,
and systemic processes. Functional constraints
result at temperature extremes. Increasing
complexity causes narrower thermal windows
for whole-organism functions than for cells
and molecules, and for animals and plants than
for unicellular organisms (8). Direct effects of
climatic warming can be und vd through

Studies of physiological mechanisms
are needed to predict climate effects on
ecosystems at species and community levels.

warming. At both upper and lower pejus tem-
peratures, performance decrements result as
the limiting capacity for oxygen supply causes
hypoxemia (4, 8) (see the figure, left). Beyond
low and high critical temperatures, only a pas-
sive, anaerobic existence is possible. Fish
rarely exploit this anaerobic range, but inverte-
brates inhabiting the highly variable intertidal
environment use metabolic depression, anaer-
obic energy production, and stress protection

hanisms to provide short- to medium-term

fatal decrements in an organism’s performance
in growth, reproduction, foraging, i

competence, behaviors and competitiveness.
Performance in animals is supported by aero-
bic scope, the increase in oxygen consumption
rate from resting to maximal (9). Performance
falls below its optimum during cooling and

tolerance of extreme temperatures.

Thermal windows likely evolved to be as
narrow as possible to minimize maintenance
costs, resulting in functional differences,
between species and subspecies in various
climate zones (1 ~12) and even between pop-
ulations of a species (13); for example, the
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Thermal windows for animals
{may include time dependent shifts through acclimatization)

Scope for aerobic performance

Critical temperature

e Optimum temperature

Onset of anaerobiasis

Onset of denaturation

Thermal window widths
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Onset of loss of performance and abundance
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Temperature effects on aguatic animals. The thermal windovs of aercbic per-
formance (left) display optima and limitations by pejus (pejus means “turning
worse”), critical, and denaturation temperatures, when tolerance becomes increas-
ingly passive and lime-limited. Seasonal acclimatization involves a limited shift or
reshaping of the window by mechanisms that adjust functional capacity, endurance,
or pratection (4). Positions and widths of windows on the temperature scale shift
with life stage (middle). Acclimatized windows are narrow in stenotnermal spedies,

optimal and critical temperatures differ by
2° to 3°C between two sockeye salmon pop-
ulations from the Fraser River in British
Columbia, Canada (5).

Long-term fisheries data revealing climate
impacts on fish stocks have often been related
to food web effects. However, they can also
involve direct warming impacts on individual
species, linked to thermal windows. For ex-
ample, in the German Wadden Sea, growth
and abundance of a nonmigratory eelpout
decreased when summer maximum tempera-
tures surpassed the upper pejus temperature,
with larger individuals affected first (4). In
the Japan Sea, different thermal windows
between sardines and anchevies for individual
growth, gamete production and quality, and
spawning activity caused a regime shift to
anchovies in the late 1990s (/4, 15). In the
Fraser and Columbia River systems, warming
has often delayed spawning migrations of
nonfeeding Pacific salmon, potentially caus-
ing loss of fitness (/6). Cardiac collapse
above the critical temperature likely brought
on swimming failure and mortality among
Fraser River sockeye in 2004 (5).

The ongoing northward shifts of North
Sea Atlantic cod stocks likely involve both
direct effects on cod and indirect food web
effects. Clear correlation of these shifts with
winter warming indicates greatest sensitiv-
ity of the fishes during their winter repro-
ductive period (/). One reason may be that
the oxygen demand of a 20% gonadal mass
(17) disadvantages mature females by nar-
rowing their thermal window (see the fig-
ure, middle). Also, the enhanced reproduc-

geographies, coexistence

tive capacity of large body size reduces opti-
mal temperatures for growth and increases
heat sensitivity (/3). Furthermore, thermal
windows for growing larval fish, which might
be as narrow as those of reproducing adults,
may also reflect limited oxygen supply, when
the developing ventilation and circulatory sys-
tems take over from simple diffusion across
the body surface.

An indirect effect of warming is implied in
the shifted community composition in the
Southern North Sea from larger to smaller
zooplankton prey (/8), reducing the food
available to juvenile cod. This shift likely re-
flects different thermal windows for these cope-
pod species as well as for cod and their prey,
given that oxygen-limited thermal tolerance was
recently confirmed for small zooplankter (19).
Such differences between windows may, in gen-
eral, underpin changes in species interactions
and cause shifts in spatial or temporal overlap
(see the figure, right).

Further ecosystem-level responses to cli-
mate change include shifts in the seasonal
timing of recurring processes (20). Earlier
seasonal development of zooplankton or its
grazing later in the year may no longer match
the timing of phytoplankton blooms (6).
Climate could elicit such shifts when warming
cues enter or leave thermal windows earlier in
the year (see the figure, right). As other cues
like seasonal light conditions remain constant,
this may cause previously matched species
interactions to go out of phase; food availabil-
ity may change.

Extending the principle of specialization
on differing thermal windows to interacting

Comp
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jon, food web interactions, phenologies

Coexistence ranges
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and productivity
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T ranges in climate zones,
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or wide in eurytherms, reflecting adaptation 1o climate zones. Windows still differ
for species whose biogeegraphies overlap in the same ecosystem (right, examples
arbitrary). Warming cues start seasanal processes earlier (shifting phenology), caus-
ing potential mismatch wilh processes timed according to constant cues {light).
Synergistic stressors like ocean acidification (by CO,) and hypoxia narrow thermal
windows according to species-specilic sensitivities {braken lines), medulating bic-

anges, and other interactions further.

species can help explain changing biogeo-
graphies, community composition, and food
web structures. These changes mostly set in
at the borders of current distributions, where
species operate at the limits of their thermal
windows; acclimatization mechanisms fail
to maintain performance and shift thermal
limits further. Such trends can be compen-
sated for by evolutionary selection for ade-
quate genotypes. However, such adaptation
may be too slow for long-lived species.
Climate change will thus differentially favor
species with wide thermal windows, short
generation times, and a range of genotypes
among its populations.

Carbon dioxide, hypoxia, salinity change,
and eutrophication contribute to ecosystem
responses to climate change (27). Key to set-
ting sensitivity to ocean acidification are the
mechanisms and efficiency of systemic acid-
base regulation (22). Such specific effects of
each stressor will reduce whole-organism per-
formance, especially at extreme temperatures,
thereby narrowing thermal windows and
reducing biogeographical ranges. Studies of
ecosystem consequences of stressors like
ocean acidification through carben dioxide
should thus consider effects on thermally lim-
ited oxygen supply. The principles elaborated
here may also be applicable to organisms
other than animals and to both aquatic and ter-
restrial ecosystems (23).
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CANCER

Aneuploidy Advantages?

Eva Hernando

of an abnormal number of chromo-
somes—in cancer has been at the cen-
ter of debate for almost a century. Although
aneuploidy is a hallmark of most tumor cells,
whether it is a cause or a consequence of the
malignant transformation (encogenesis) has
not been clear. [n 1914, German biologist
Theodor Boveri postulated that aneuploidy
arising from altered cell division (mitosis)
might lead to oncogenesis. However, recent
studies with genetically modified organisms
have kept the issue open to argument. Certain
defects in chromosome segregation during
mitosis that lead to aneuploidy can either pro-
mote (1, 2) or inhibit tumor formation (2, 3),
or even have no effect at all (). On page 703
in this issue. Williams et al. (5) provide an
interesting twist, by showing that harboring an
extra chromosome may or may not drive a
mammalian cell into oncogenesis, depending
on the chromosome itself and on the state
of the cell.
Earlier studies reported the deleterious

The role of aneuploidy—the presence

Department of Pathology, New York University School
of Medicine, New York, NY 10016, USA. E-mail: eva.
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Gains and losses. According to the aneuploidy model of Williams et al., an
abnormal chremosome number may be costly to cell fitness. However, if

effects of aneuploidy during human develop-
ment (causing miscarriages) and in adulthood
(underlying mental retardation). The findings
of Williams et al. are compatible with this
view, showing that having an abnormal num-
ber of chromosomes is initially disadvanta-
geous for mammalian cells. The authors cul-
tured mouse cells that were engineered to
express a specific additional chromoseme
(trisomy). These cell lines had decreased rates
of proliferation, and increased cell size and
metabolic rates, all conditions that reduce cell
fitness. However, in some cases, these limita-
tions could be overcome. The ability of a cell
line to proliferate indefinitely in culture
{immortalization) depended on the identity of
the extra chromosome. Certain chremosome
gains accelerated the attainment of immortal-
ization, whereas others delayed or impaired it.

To what extent do these in vitro results
reproduce the survival pressure that somatic
cells undergo in vivo, and their capacity to
adapt to stressful conditions? The mouse
embryonic fibroblasts used by Williams ef al.
have higher spontaneous immortalization
rates than other primary mouse or human cells
in culture. Do the effects of aneuploidy in
these fibroblasts oceur in other cell types from
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The gain or loss of specific chromosomes can
determine whether a cell becomes tumerigenic.

‘which most commen tumors arise? Also, the
elegant strategy of chromosomal transloca-
tion used by the authors to simulate increased
chromosome numbers may not strictly repre-
sent all forms of aneuploidy, nor fully recapit-
ulate, from a structural standpoint, the gain or
loss of individual chromosomes.

In any case, Williams ef al. propose that
certain gains or losses of specific chromo-
somes are more compatible with cell viability
than others, thus explaining the variable
effects of chromosome gains observed in the
mouse cells. Thus, in a normal cellular con-
text—that is, in the absence of mutations that
predispose a cell for transformation—aneu-
ploidy alone seems an unlikely driver of onco-
genesis. But in a procancerous context, aneu-
pleidy could promote malignant cell transfor-
mation. This hypothesis could be tested by
introducing aneuploidy in immortalized {not
yet transformed) cell lines.

What are the advantages conferred by
aneuploidy in a permissive context? Although
initially less proliferative, aneuploid cells are
inherently unstable, and thus endowed with
increased genomic instability and mutational
rate. This may lead them to acquire the hall-
marks of cancer, such as resistance to cell

|
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death

Proliferation increases

mutations arise that allow the cell to adapt to cellular imbalances caused by the
abnormal chromosome content, cells may eventually form tumors.
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death and enhanced migration (and increased
metastastic potential). Thus, what may be dis-
advantageous in the initial phases of transfor-
mation could later become beneficial, permit-
ting a switch from a “slow phase” (during
which mutations occur in genes involved
in fitness and proliferation control) to an
“expansive phase.” Thus, aneuploidy could
force a bottleneck [or Darwinian selection
(6)], from which only a selection of superfit
cells—those able to adapt and survive—wwill
accumulate more mutations and emerge rein-
forced against cell death, and with enhanced
proliferative and migratory capacities. A
corollary of this model is that loosening the
adaptation mechanisms acquired in response
to aneuploidy could restore tumor cells” vul-
nerability, thereby representing an attractive
therapeutic target. The question is whether
this process will be reversible at advanced
stages, or whether the accumulation of com-
pensatory mutations will have shielded this
tumor Achilles’ heel.

A number of models can thus be envi-
sioned for the role of aneuploidy in neoplas-
tic transformation, which are not mutually
exclusive and can coexist in specific cellu-

lar contexts. As proposed by Williams ef al.,
aneuploidy in most normal cells can repress
cell proliferation, reduce cellular fitness,
and suppress tumorigenesis (see the figure).
In a small subset of cells, however, aneu-
ploidy may trigger a cellular “imbalance”
that increases the mutation rate, gene
amplification, and/or genomic instability.
Aneuploidy unbalances the expression of
numerous proteins, which may be involved
in DNA synthesis and repair, and chromo-
some segregation. Subsequent aneuploidy-
tolerating mutations would lead to tumor
cells with increased proliferative capacity.
A second model proposes that aneuploidy
can promote transformation when cells
enter a “tolerant” state. Incorporation of
aneuploidy in cells that already have altered
proliferation and a permissive context could
stimulate genomic instability and promote
cellular transformation. A third model con-
siders aneuploidy as the driving force of
mutation and transformation, causing cellu-
lar imbalances that increase the rate of
mutation and gene amplification. Specific
mutations will confer a selective advantage
(such as enhanced proliferative capacity). A

PERSPECTIVES I

fourth model sees aneuploidy as a by-prod-
uct of cellular transformation, which may
further promote tumor progression. Spec-
ific mutations in oncogenes or genes encod-
ing tumor suppressor proteins would in-
crease cell proliferation and survival, but
also may affect chromosome integrity and
segregation, preducing aneuploidy. This,
in turn, could fuel additional genomic
instability and mutation rate, accelerating
tumor progression.

The work of Williams e al. contributes to
the notion that tumorigenesis is an integrative
process to which aneuploidy by itself has a
rather debilitating contribution. But it seems
that tumor cells may be operating under
Friedrich Nietzsche’s general premise that
what doesn’t kill them (aneuploidy) may
make them stronger.
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NEUROSCIENCE

A New Glance at Glia

Andreas Reichenbach and Thomas Pannicke

he term neuroglia (“nerve glue”) was
Tintroduced 150 years ago by Ger-

man pathologist Rudolf Virchow, who
searched for a connective tissue of the central
nervous system. Accordingly, glial cells were
considered as mere support for neurons, and
little was known about their functional roles
until the 1980s. Since then, a wealth of data
indicate a wide range of glial functions,
including optimizing environmental condi-
tions for neuronal function. Close morpholog-
ical association of glial processes with neu-
ron-neuron connections (synapses), and the
physiological responses of glia to neuronal
activity (J), suggested an active role for glia
in the transmission of chemical signals at
synapses. This raised the idea of a tripartite
synapse (2), but evidence based on the abla-
tion of glial cells in an organism has been dif-
ficult to acquire, given that neurons die in the
absence of glia in most animal models. On

Paul Flechsig Institute of Brain Research, Leipzig
University, Jahnallee 59, D-G4109 Leipzig, Germany.
E-mail: rela@medizin.uni-leipzig.de

page 744 of this issue, Bacaj ef al. (3) demon-
strate that newrons in the major sensory organ
of the nematode Caenorhabditis elegans sur-
vive the elimination of glia but display func-
tional deficits.

C. elegans is often used as a model organ-
ism because the number of its somatic cells is
constant. Of its 959 cells, 358 belong to the
nervous system, of which 50 are glial cells
associated with sensory organs. Because of
the determined cell fate, the development of
certain cells can be prevented by ablating their
respective precursors. An important break-
through in glia research was the demonstra-
tion that in this mode] organism, a certain type
of neuron-ensheathing glial cell is not re-
quired for neuronal survival (4).

Bacaj et al. show that lack of glia results
in altered neuronal morphology, sensory
deficits, and ultimately modified organism
behavior. In particular, with the exception of
one type of neuron (AWB), all of the glia-
deprived sensory neurons partially (AWC,
AWA) or totally (ASE, ASH, ADL) lost sensi-
tivity for their stimuli. The organism’s ther-

Glial cells assist sensory neurons to perceive
and respend to stimuli by improving the signal-
to-noise ratio.

mophilic behavior observed after gliaablation
may also be explained by an increased thresh-
old of thermosensation by the AFD neuron.
Most intriguingly, the ASH neuron lost its
Ca®* response to high osmotic conditions (as
well as its ability to trigger an avoidance reac-
tion) despite normal protein expression. One
of the identified glial transmembrane pro-
teins, a KCl cotransporter, may be involved in
glial contribution to osmosensitivity of the
ASH neuron (3), perhaps by maintaining a
local normal osmotic “standard” against
which environmental changes can be detected.
These observations support the view that in
C. elegans sensory organs, glial cells may be
required for the selection, processing, and
even transduction of adequate stimuli for their
adjacent neurons.

In more general terms, these studies (3, 4)
help to clarify the role of glial cells in metazoa
with different degrees of complexity. In small
“primitive” animals such as polyps, single
sensory and ganglion neurons are scattered
throughout the tissue, without any associated
glia-like cells; this can be thought of as the
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single-cell stage of nervous system complex-
ity (see the figure). Obviously, these single
newons do not require glial cells to differenti-
ate, function, or survive. The evolution of
larger and more complex animals (such as C.
elegans) resulted in the development of spe-
cialized sensory organs and of groups of
loosely associated ganglion neurons—the
oligocellular stage of nervous system com-
plexity. Such sensory organs usually contain
glia-like cells as well, but ganglion neurons
are touched, at best, bya glial cell process. The
new data of Bacaj et al. allow us to speculate
that these “ancestral” sensory glial cells are
primarily required to increase the sensitivity
and/or specificity of the sensory neurons,
whereas all neurons remain apparently inde-
pendent of glia with respect to their metabo-
lism and survival. This situation can still be
observed in oligocellular mechanoreceptive
organs in the skin or cuticle of insects and
vertebrates (5).

More complex animals develop large,
sophisticated sensory organs and nervous
centers (brains), with a multicellular level of
nervous system complexity. The sensory
epithelia in such organs consist of a mixture of
neurons and glia-like cells; this level of com-
plexity exists even in some specialized enidar-
ians (6). As exemplified by the vertebrate
retina, glial (Miiller) cells support the recep-
tive functions of neurons—for example, by
guiding light toward photoreceptive neurons
(7). However, in such complex multicellular
sensory organs, glial cells delegate some of
their sensery suppert functions to other struc-
tures, Thus, in the retina, a major part of stim-
ulus selection and processing is passed on to
“offshore” structures, such as the cornea, iris,
and lens of the eye. In some retinae, one
Miiller cell may be responsible for up to
30 photoreceptors (§). Consequently, this
reduces the number of glial cells per sensory
neuren (although there are exceptions to this
ratio, such as the mammalian inner ear),
whereas in oligocellular sensory organs, glia-
like cells may oumumber neurons. However,
in multicellular sensory organs, glial cells
become absolutely essential for neuron sur-
vival; if Miiller cell death is induced, the entire
neural retina soon degenerates (9).

Similarly, when many neurons accurnulate
in ganglia or even in brains, the perisynaptic
glia becomes essential for synaptic transmis-
sion (2), which, as argued by Bacaj ef al., is
the case for chemosensation by the postsynap-
tic neuron. In addition, glial cells are crucial
for the metabolism and survival of the neu-
rons, as implied by the finding of neurcnal
damage after glial depletion in mammalian
hepatic encephalopathy (/0). Generally, a

Sensary neurons Ganglion neurons
Single-cell stage

T

Glia

Oligocellular stage

Multicellular stage

>

—Sensory

Ganglion—
/

s

E——

Glia-to-neuron index

Degree of complexity

Glia, by complexity. A schematic survey of the dif-
ferentiation stages of sensory (green) and ganglion
(blue) neurons and glial cells (red). The numerical
relation between glial and neuronal cells {glia-to-
neuron index) is shown over the three stages of
increasing nervous system complexity.

multiplication of the number of glial cells per
neuron occurs with increasing brain size (§).
What are the ancestral roles of glia (/1)
and what causes their different invelvement
among the three stages of nervous system
complexity? The step from the single-neuron
stage, which lacks glia, to the functionally
associated neurons and glia-like cells of an
oligocellular-stage sensory organ may have
been triggered by the need for more sensitive
and/or specific perception of envirenmental

stimuli, foreing the development of accessory
“sensory” glia-like cells as the most ancestral
glia type. For example, the primary glial finc-
tion of improving the signal-to-noise ratio of
perception appears to involve homeostasis of
the extracellular milieu during chemo- and
osmosensation (3). Once established. these
homeostatic glial functions may have been
used to assist synaptic transmission (as well as
fast axonal signal transport and other neuronal
tasks) (11, 12).

The step from the oligocellular stage to
more complex neural tissues may have
solved an additional quantitative problem—
the dense crowding of neurons in large sen-
sory epithelia or ganglia (or brains). Both
types of tissues are typically encapsulated
against their non-neural environment, usu-
ally involving a blood-brain barrier to
which glial cells contribute (72, /3). The
insulated, highly active neurons depend on
nutrient delivery and clearance of waste
products. Thus, the need for extracellular
homeostasis in an extended sense may have
been the driving force for the ubiquitous
appearance and further multiplication (8) of
glia in complex animals. Eventually, the
homeostatic functions of glia may have
been the basis for their currently evaluated
“more exciting roles” including direct
involvement in neuronal information pro-
cessing, both by controlled modification of
these functions (/4) and by their further
elaboration into mechanisms such as glio-
transmitter release (2).
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George E. Palade (1912-2008)

Randy W. Schekman

traced to the pioneering work of

George Palade, who developed the
tools of cell fractionation and thin section
electron microscopy to visualize the intricate
network of membranes comprising the secre-
tory pathway. By a curious coincidence, the
next generation of tools to visualize cells and
their constituents in real time—green fluores-
cent protein and its derivatives—was cele-
brated with a Nobel Prize in Chemistry on the
day after Palade died on 7 October 2008.

George Emil Palade was born in Jassy,
Romania, in 1912. His father was a philoso-
phy professor and his mother was a teacher,
but Palade developed an interest in bio-
medicine and specialized in anatomy during
his medical training at the University of
Bucharest. After serving in the medical corps
of the Romanian Army during World War 11,
he traveled to the United States in 1946 to
begin his research career at New York
University. Working through the 1940s and
1950s with Albert Claude and Keith Porter at
what is now Rockefeller University, Palade
focused on membranes of the endoplasmic
reticulum (ER) and elucidated the basis of
protein synthesis and secretion.

Palade’s work in the 1950s established the
ribosome as the seat of protein synthesis in the
cytoplasm. In the 1950s and 1960s, he teamed
with Philip Siekevitz and then with Lewis
Greene, Colvin Redman, David Sabatini, and
Yutaka Tashiro to demonstrate that the dense
membranes isolated by Claude represented
fragments of ER with bound ribosomes. In
critical experiments conducted first by Palade
and then by Sabatini, the role of the ribosome
in secretory protein synthesis was established,
leading to the proposal that nascent polypep-
tide chains are vectorially discharged across
the ER membrane and into the lumen. This
work inspired Giinter Blobel (another one of
Palade’s protégés), who won the 1999 Nobel
Prize for his work on the signal hypothesis.

At the same time, Palade teamed with
Lucien Caro and James Jamieson to develop
an autoradiographic technique using the
electron microscope to trace the fate of
secretory proteins en route to the cell sur-

The birth of modern cell biology can be

Department of Molecular and Cell Biology, University of
California, Berkeley, CA 94720, USA. E-mail: schekman@
berkeley edu

face. The team achieved nearly quantitative
incorporation of radioactive amino acids
into secretory proteins within cells of pan-
creatic tissue slices, and perfected an autora-
diographic method to visual-
ize the localization of the
radioactive proteins in fixed
and sectioned tissues. A 5-
minute pulse of *C-labeled
amino acids was incorpo-
rated in the region of the ER
membrane in the basal half
of the cell. Subsequent in-
cubation of tissues in non-
radicactive amino acids
revealed sequential move-
ment of grain tracks to the
Golgi membrane area and
then to the secretory gran-
ule region, followed by dis-
charge at the apical cell sur-
face. These “pulse-chase”
observations are so tightly
woven into the fabric of cell biology that it is
hard to remember a time when the interrela-
tions of secretory organelles were far from
certain. Indeed, the very existence of the
Golgi in the secretory pathway was ques-
tioned from the moment it was first visual-
ized by Camillo Golgi in 1898, until Palade,
Caro, and Jamieson showed that it mediated
protein traffic.

Palade’s rich career touched on many
aspects of membrane morphology, ranging
from the structures of the neuronal synapse,
mitochondria, and chloroplast envelope, to the
mechanism of capillary permeability (along
with Marilyn Farquhar and Nicolae and Maia
Simionescu, among others). However, it
was his work on membrane biogenesis, which
characterized membrane asserbly as an ex-
pansion of a preexisting organelle (and not de
novo), and identification of “transport carri-
ers” in mediating the flow of material along the
secretory pathway, that remain as fundamental
contributions to the foundation of cell biol-
ogy. His mastery of electron microscopy—the
thin section micrographs he took remain strik-
ingly beautiful even decades later—is unsur-
passed. For his achievements, he shared the
1974 Nobel Prize in Physiology and Medicine
with Claude and Christian de Duve.

Palade was often called upon to deliver the
concluding lecture at major symposia. I recall

PERSPECTIVES I

A pioneer of modern cell biology used cell
fractionation and electron microscopy to
describe subcellular structures.

a meeting in Strasbourg where the talks
were in English, but Palade delivered his in
French, and could have done so in several
other languages, including Latin. ['ll also not
forget his remarks at a 1995
Cold Spring Harbor Sym-
posium, where at the tender
age of 83, he mused that
according to 17th century
French literature, Cid Cam-
peador, hero of the Spanish
wars against the Moors,
returned to court aftera fierce
and long battle—*long, but
not as long as this sympo-
sium,” as Palade put it—to
tell his king that the battle
ended because there were no
fighters left. As the days of
the symposium wore on,
Palade hoped that by the
time he was scheduled to
speak, the conference would
be finished because there would no longer be
“combatants” left to listen, and his presenta-
tion would no longer be called for!

Palade enriched the field he helped create
through his efforts to establish modern cell
biology as a discipline equal in importance
to genetics, molecular biology, and bio-
chemistry. He helped found the influential
American Society for Cell Biology and the
Journal of Cell Biology and was the inaugural
Editor-in-Chief of the Annual Review of Cell
and Developmental Biology. He not only cre-
ated a new Department of Cell Biology at Yale
Medical School, but well inte his ninth
decade, he was founding Dean of scientific
affairs at University of California at San
Diego (UCSD) School of Medicine.

Palade had a direct role in so many young
careers. In fact, he encouraged Peter Novick,
one of my first graduate students, to examine
the first yeast secretion mutant by thin section
electron microscopy. Having also been at Yale
as faculty members in Palade’s department,
Peter and his wife Susan Ferro-Novick just
moved to UCSD where Peter is the first holder
of the Palade Chair.

Palade will be remembered as a kind and
generous mentor, colleague, and family man.
Above all, his scholarship remains as a legacy
to future generations of cell biologists.

10.1126/cience. 1167174
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Scientists Link Climate, Energy to
Growing Arctic “Food Insecurity”

FAIRBANKS, Alaska—For generations, caribou
have been central to the diet and culture of
the Naskapi people who live on the tundra of
northeastern Canada. But when researcher
Archana Bali visited last summer, they told her
that warming weather and increased mining have
driven the caribou so far off of old migration
routes that their meat staple is in short supply.

According to researchers at the recent annual
meeting of the AAAS Arctic Division, the
Naskapi’s struggle reflects a broader pattern:
Unpredictable weather, shrinking sea ice, and
soaring fuel costs are making hunting and fishing
more difficult for people long accustomed to liv-
ing offthe land. As aresult, food suppliesin many
Far North communities are increasingly at risk.

“I've worked with people, both in the interior
and on the coast, who say, ‘1 don’t have the money
to put fuel in my boat to go searching for food”™
said Philip Loring, an anthropologist at the Uni-
versity of Alaska-Fairbanks (UAF). “I'm talking
to people who say: *I’'m worried about having
enough food for the winter”

Added anthropologist 8. Craig Gerlach:
“Climate change, food shortages—all these
things we said were going to happen by 2050 or
2070, they're happening now.”

Gerlach just finished a year-long term as
president of the AAAS Arctic Division, and
he worked with Executive Director Lawrence K.
Duffy, interim dean of the UAF Graduate
School, to organize the division’s 59th annual
meeting. Under the theme “Growing Sustain-
ability Science in the North,” it brought more
than 170 researchers, educators, students, and
native Alaskan leaders to Fairbanks from
15 to 17 September.

In the midst of the meeting came news that
Arctic seaice in the summer of 2008 had shrunk
to the second smallest size on record. That under-
scored the researchers’ ofien dramatic reports on
changes under way in the Far North climate and
in land and marine ecosystems—and how those
changes are affecting human communities.

Loring organized a half-day symposium on
the future of northern food systems, but food
security was a recurring theme throughout the
meeting. Problems are manifest not only in food
shortages, he said, but in the rising incidence of
diabetes and cancer that are linked to modemn,
processed foods.

Changing nature. Elizabeth Nibgorsi is a hunter
from Canada's Nunavut territory. Northern “caribou
peaple” say changing weather and new develop-
ment are threatening their food supplies.

Bali, working toward a Ph.DD. degree in
wildlife biology and natural resource manage-
ment at UAF, visited six communities in north-
ern Alaska and Canada this summer and found
them preoccupied with food security and envi-
ronmental changes. In northern Quebec
Province, the Naskapi said they’d sent hunters
far out into the tundra for caribou. The trip was
expensive, and the harvest limited. “Following
local traditions, the elders and single mothers
received the harvested caribou first)” she said.
“There wasn’t much for others.”

Ecologist Bruce Forbes, based at Finlands
Arctic Centre, University of Lapland, has
found that oil and gas development on Russia’s
Yamal Peninsula appears to be harming food
supplies for the Nenets, a nomadic reindeer-
herding people. New roads and pipelines
create barriers to migration. Stress on tundra
pastures has altered the quantity and quality of
reindeer forage; road dust has reduced the
cloudberries consumed by the Nenets.

In Alaska, record rains this summer caused
damaging floods. Floods and high gas prices
are disrupting subsistence hunting and
fishing out in the Bush. Over the past decade,
the cost of food, fuel, and other supplies has
risen more than 90% in remote Athabascan
villages on the upper Yukon River, Gerlach said,
and a droopy bunch of broccoli can now cost
$12 or more in stores there. This fall, schools
in Alaska's urban areas are reporting a surge in
new students, apparently because families are
migrating from the villages.

But people of the Arctic are resilient—over
thousands of years, they’ve had to adapt to sur-
vive. Alaskan cities and towns from Juneau to

Fort Yukon, on the Arctic Circle, have started
community gardens. In August, Sitka became the
latest municipality to host a farmers’ market.

Scientists and local residents have teamed to
develop new food sources and improve nutrition.
Gerlach said that he and his colleagues have
offered scientific advice to the Athabascans as
they experiment with village gardens, sustain-
able forestry, and biofuels.

“The Athabascan people are right out there
on the edge.” he said. “They have no word for
sustainability, but they do have a word for
self-reliance—it’s self-reliance they re interested
in, strong and healthy communities””

Learn more about the four AAAS regional
divisions at www.aaas.org/go/divisions/.

ANNUAL MEETING
AAAS Council Reminder

The next meeting of the AAAS Council will take
place during the AAAS Annual Meeting and will
begin at 9:00 a.m. on 15 February 2009 in
Chicag, Illinois, in the Plaza Ballroom of the
Hyatt Regency Chicago Hotel.

Individuals or organizations wishing to
present proposals or resolutions for passible
cansideration by the Council should submit
them in written form to AAAS Chief Executive
Officer Alan Leshner by 21 November 2008.
This will allow time for them to be considered
by the Committee on Council Affairs at their
winter meeting.

Items should be consistent with AAAS's
objectives and be appropriate for consideration
by the council. Resolutions should be in the
traditional format, beginning with “Whereas"
statements and ending with “Therefore be it
resolved.”

Late propasals or resolutions delivered
to the AAAS Chief Executive Officer in advance
of the February 2009 Open Hearing of
the Committee on Cauncil Affairs will be
considered, provided that they deal with
urgent matters and are accompanied by a
written explanation of why they were not
submitted by the November deadline. The
Committee an Council Affairs will hold its open
hearing at 2:30 p.m. on 14 February 2009 in
the State Room of the Fairmont Chicago.

Summaries of the council meeting agenda
will be available during the annual meeting at
both the AAAS information desk and in the AAAS
headquarters office. A copy of the full agenda
will also be available for inspection in the head-
quarters office in the Hyatt Regency Chicago.
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Structural Insights into a
Circadian Oscillator

Carl Hirschie Johnson,* Martin Egli,?

Phoebe L. Stewart®

An endogenous circadian system in cyanobacteria exerts pervasive control over cellular processes,
including global gene expression. Indeed, the entire chromosome undergoes daily cycles of
topological changes and compaction. The biochemical machinery underlying a circadian oscillator
can be reconstituted in vitro with just three cyanobactenial proteins, KaiA, KaiB, and KaiC. These
proteins interact to promote conformational changes and phosphorylation events that determine
the phase of the in vitro oscillation. The high-resolution structures of these proteins suggest a
ratcheting mechanism by which the KaiABC oscillator ticks unidirectionally. This posttranslational
oscillator may interact with transcriptional and translational feedback loops to generate the
emergent circadian behavior in vive. The conjunction of structural, biophysical, and biochemical
approaches to this system reveals molecular mechanisms of biological timekeeping.

any biological processes undergo daily
M(c:'madim} thythms that are dictated by

self-sustained biochemical oscillators.
These circadian clock systems generate a pre-
cise period of ~24 hours in constant conditions
(constant light and temperature) that is nearly
invariant at different temperatures (temperature
compensation) (/). Circadian clocks also show
entrainment to day and night, predominantly me-
diated by the daily light/dark cycle, so that the
endogenous biological clock is phased appro-
priately to the environmental cycle (2). These
properties, especially the period’s long time con-
stant and temperature compensation, are difficult
1o explain biochemically. Full understanding of
these unusual oscillators will require knowledge
of the structures, functions, and interactions of
their molecular components.

Pervasive Circadian Rhythms in a Bacterium
We study the components of the bmlagmal clock

Tum 8

That study also demonstrated that as single cells
divide, the daughter cells maintain the circadian
phase of the mother cell (Fig. 1B). Therefore, the
circadian clock in cyanobacteria is not perturbed
by cell division. That result confirmed studies in
populations of cells that showed that the circa-
dian clock ticks away with a period of ~24 hours
in cells that are dividing with average doubling
times of 6 to 10 hours (6-8). Conversely, the
circadian clock gates cell division so that there
are some times of the day/night cycle when the
cells grow without dividing (). Therefore, two
independent timing circuits coexist in this uni-
cellular bacterium; the circadian pacemaker pro-
vides a checkpoint for the cell-division cycle, but
there is no feedback of the cell-division timing
circuit upon the circadian clock (8).

Although it was the psbAl promoter that
was initially found to be robustly rhythmic in

in the prokaryotic cy
{ which p many p

conform npunmily to the daily r:ycle mcludmg

photosynthesis, nitrogen fixation, and gene expres-

sion (I-3). Competition assays among different

strains of 8. elongaties rigorously demonstrated

that this clock system significantly enhanced the

fitness of the cells in rhythmic environments,

S. el (4), further investig; of tran-
scriptional control discovered that essentially
all p were modulated by the circadian

clock (9). Even a heterologous promoter from
Escherichia coli is transcribed thythmically when
inserted ectopically into the cyanobacterial chro-
‘mosome (10). Those observations have now been
linked with the discovery that the topology of
the entire cyanobacterial chromosome is under
lh: control of this circadian program. The §.

but not in 1 constant envi

(3). The first circadian rhythm measured in S.
elongatus was that of psbAl promoter activity
as assayed by a luciferase reporter in populations
of cells (4). More recently, a tour de force imag-
ing study visualized the rhythm of luminescence
from single bacterial cells (Fig. 1, A and B) (5).

h ome undergoes robust oscil-
lauons of compaction and decompaction that
can be visualized with DNA-binding dyes (Fig.
1C) (4). Moreover, the superhelical status of
DNA experiences correlative circadian oscil-
lations (Fig. 1D) (/2). Such large-scale changes
in chromosomnal stucture and torsion are likely
to maodul | rates. It is therefore

pepariment of Biological Sciences, Box 35-1634, Vanderbitt
University, Nashville, TN 37235-1634, USA. “Department of
Biochemisiry, Vanderbilt University, Nashville, TN 372350148,
USA. *Department of Melecular Physiclogy and Siophysics,
Vanderbilt University, Nashville, TN 37235-0615, USA.

“To whem correspandence should be addressed. E-mail:
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possible that ylhrruc gene-expression patierns
are mediated by daily changes in the lupoéogy

of the ch From this persp :
cyanobacterial chromosome rruglu be envisioned
as an oscillating nucleoid, or “oscilloid,” that
i all p ding heterologous

promoters—by torsion-sensitive transcription
(12). Gene expression in cyanobacteria is also
regulated in a circadian fashion by the putative
transcriptional factor RpaA; rhythmic gene ex-
pression is attenuated when the rpad gene is de-
leted (2, 13). The phosphorylation status of RpaA
is regulated by the two-component system kinase
SasA, whose phosphorylation is controlled in
tum by the KaiABC oscillator that is described
in the next paragraph (/3). These results support
an alternative model in which the SasA/RpaA
two-component system mediates signals from
the KalABC oscillator to drive genome-wide tran-
scription thythms. Although the oscilloid and the
SasA/RpaA models appear to be mutually ex-
clusive, an analysis of stochastic gene expression
in cyanobacteria ({4) supports regulation both lo-
cally (by DNA topology, for example) and com-
prehensively (by trans factors such as RpaA).

Cogs and Gears: The Kai Proteins

The clockwork mechanism that controls these
global rhythms of transcription, chromosomal
topology, and cell division is composed of three
essential proteins—KalA, KaiB, and KaiC—
which were identified in 1998 (15). Their three-
dimensional structures, which became available
in 2004 (16-21), are the only full-length struc-
tures of core circadian clock proteins that have
been determined. KaiA is a dimer of intertwined
‘monomers, KaiB has a thioredoxin-like fold
and forms dimers and tetramers, and KaiC is a
“double-doughnut” hexamer (fig. S1). The struc-
ture of KaiC revealed a two-domain fold (N-
terminal CI and C-terminal CII lobes) in the
‘monomer and six adenosine 5™-triphosphate (ATP)
molecules bound between subunits in both the
CI and the CII rings (Fig. 2A). ATP binding
within CI serves to stabilize the CI ring that
forms the hexamer even in the absence of CII
domains (/6). When the three Kai proteins are
combined together with ATP in a test tube, a
molecular oscillator is reconstituted (Fig. 1E)
(22). This in vitro oscillator perpetuates a ~24-
hour cycle for at least 10 days (23), with KaiC
alternating between a hypophospherylated and
a hyperphosphorylated state. KaiC is phos-
phorylated at serine 431 (S431) and threonine
432 (T432) residues in the CIT half (24, 25)
(Fig. 3, A and B), whereas the CI ring appears
devoid of phosphorylation sites. Phosphorylation
of CII residues occurs across the subunit-subunit
interface, because $431 and T432 are closest to
an ATP molecule that is held by the P loop of the
adjacent subunit (Fig. 3A).

KaiC is both an autokinase and an autophos-
phatase (26-28) that thythmically hydrolyzes 15
ATP molecules per subunit during a complete in
vitro cycle (29). Because only two ATP molecules
are needed 1o phosphorylate S431 and T432, the
consumption of the extra ATP molecules may be
used to drive conformational changes within
KaiC, including monomer exchange (23, 30, 31).
KaiA promotes the formation of the KaiC hyper-
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phosphorylated state, whereas KaiB antagonizes
the actions of KaiA and promotes a return fo the
hypophosphorylated state. Structural and bio-
physical studies have enhanced our understand-
ing of the KaiA«KaiC complex (Fig. 2) (32, 33)
and the KaiB+KaiC complex (Fig. 3, C and D)
(34), as well as quantified the relative levels of
KaiC versus KaiA+KaiC versus KaiB*KaiC versus
KaiA+KaiB+KaiC complexes formed during the in
vitro reaction cycle (30, 3/). In addition, the KaiC
phosphorylation cycle comprises four consecutive
steps: (i) T432 phosphorylation, (i) S431 phos-
phorylation, (iif) T432 dephosphorylation, and
(iv) 8431 dephosphorylation (28, 35). This in-
formation provides the framewaork for a reanal-

ysis of the Kai protein structures, suggesting
how the in vitro clock might work.

KaiC Interacts with KaiA and KaiB

KaiA binds repeatedly and rapidly to KaiC during
the phosphorylation phase (3) and enhances
KaiC’s autokinase activity. Moreover, a single
KaiA dimer appears to be sufficient to up-regulate
phosphorylation of a KaiC hexamer to saturated
levels (36). This is consistent with the higher
abundance of KaiC in vivo relative to KaiA (37).
What is the structural basis of KaiA's function?
KaiA binds to the KaiC CII lobe C-terminal tail
(32). This binding interaction requires concom-
itant unfolding of an S-shaped loop in the con-
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tacted KaiC subunit. We hypothesize that KalA
pulls the S-shaped loop out of the central channel
of the KaiC hexameric barrel (Fig. 2). In the
KaiC crystal structure, the loop residues (amino
acids 485 1o 497) are engaged in hydrogen bond-
ing inferactions across subunits at the periphery
of the channe! (Fig. 2B) (2/). Disrupting the fold
of the S-shaped loop of a single subunit might
weaken the interface between adjacent CII lobes
and promote conformational changes within the
CII ring that support phosphorylation at T432
and S431 (38). A three-dimensional electron micros-
copy (EM) structure of the KaiA*KaiC complex
reveals that KaiA is connected to the hexameric
barrel of KaiC via a flexible linker (33). The

Fig. 1. Rhythms in cyanobacteria from cells to
molecules. (A and B) Circadian rhythms of bio-
luminescence in single cyanobacterial cells. (&) Micro-
graphs of cyanobacterial cells at different times in
constant light conditions. (Upper) Brightfield images
showing growth and cell division as a function of ap-
proximate circadian time; {lower) luminescence ema-
nating from these cells {the luminescence reporter was
the psbAl promoter driving expression of bacterial
luciferase, luxAB). (B) Quantification of biolumines-
cence from a single cell as it divides into multiple
cells as a function of time in constant light. Starting
at day 1.5, there are two differently colored traces
as a result of cell division; the next division occurs
at day 2.0, and so on [(A) and (B) are courtesy of
1. Mihalcescu, reprinted with permission from (5)]. (©)
Circadian rhythm of chromosomal compaction as
visualized by a fluorescent DNA-binding dye (green)
(red indicates chlorophyll autofluorescence). The chro-
mosome is more compacted in the subjective night
(hours 12 to 20) and less compacted in the subjective
day (hours O to 8, 24 to 28) [(C) is courtesy of S.
Williams, reprinted with permission from (7). (D)
Chromosomal topology shows a circadian rhythm as
assayed by supercoiling of an endogenous plasmid.
Topoisomers of the plasmid are more relaxed (R} in
the subjective night and are more supercoiled (5C) in
the subjective day (12). (E) (Upper) KaiC phosphoryl-
ation in the oscillating in vitro reaction is shown
by SDS-PAGE; upper bands are hyperphosphoryl-
ated KaiC, and lower band is hypophosphorylated
KaiC. (Lower) The predominant species of complexes
of KaiA, KaiB, and KaiC that form during the in
vitro oscillation; hypophosphorylated and uncom-
plexed KaiC hexamers (lower row) are present at all
phases, but KaiC in complexes with KaiA andior
KaiB forms rhythmically in concert with changes in
KaiC's phosphorylation status {upper line, only the
predominant complex is shown). Light blue KaiC
hexamers are in the phosphorylating phase before
monomer exchange, while dark blue KaiC hexamers
are those undergoing dephosphorylation and mono-
mer exchange.
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EM structure also suggests that a transient inter-
action may occur between the apical loop of
KaiA and the ATP-binding cleft of KaiC. Thus,
the action of KaiA might be to promote con-
formational flexibility of the KaiCIl ring by dis-
rupting the S-shaped loap hydrogen bond network
(Fig. 2, C to E) or altemnatively, to enhance the
residence time of ATP by covering the ATP-
binding cleft. Therefore, these interactions of

tions. The crystal structure shows a subtle 1 to
2 A variation in the distances between phospho-
rylation sites and ATP y-phosphates, suggesting
that the CII domains have a tendency to flex.
Phosphorylation of T432 results in stabilizing
interactions between adjacent CII domains (Fig.
3E and fig. 82) (24). The phosphate group is
engaged in multiple hydrogen bonds to arginine
and serine residues, suggesting that local con-

KaiA with KaiC could promote the hyperph
phorylation of KaiC by enhancing its rate nt auto-
phosphorylation and/or its ATP residence time.
The binding mode of KaiB to KaiC differs
fundamentally from that of KaiA. Unlike KaiA,
which is associated with KaiC during the en-
tire phosphorylation cycle, KaiB preferentially
binds to the phosphorylated form of the hexamer
(28, 30, 31, 35). Structural analyses combining
cryo- and negative-stain EM, x-ray cryslaliug

11l will be more limited affer
the initial phosphate transfer. If $431 is phospho-
tylated by a pathway similar to that mulnug m
T432 phosphorylation, the stabiliz
interactions formed by P-T432 would have to be
broken in order to bring $431 in an optimal po-
sition for phospho-transfer from ATP. In a potential
altenative mechanism for S431 phosphorylation,
S$431 could receive a phosphate from P-T432,
followed by :mmadaslc rephosphorylation of

raphy, native polyacrylamide gel el )
(PAGE), and fluorescence methods n'.vealmi that
KaiB dimers bind to the CII ring (Fig. 3C) (34).
Instead of interacting with C-terminal KaiC tails,
KaiB dimers form a third layer on top of CII
without obscuring the central channel. This
arrangement has important conse-
quences for KaiA; although still
tethered to the C-terminal CII pep-
tide, KaiA is unable to approach
the ATP-binding clefls (Fig 3D)
Thus, the EM stucture offers a
plausible model for KaiB’s an-
tagonism to KaiA. In addition to
sequestering KaiA, KaiB may use its
conserved, negatively charged C-
terminal tail to weaken subunit infer-
actions at the CII side of the KaiC
hexamer and to destabilize or displace
ATP. Notably, the EM structure of the
KaiB*KaiC complex showed no den- ¢
sity for the folded S loops, suggesting

that they are pulled out of the central
channel of the KaiC hexameric barrel i
when KaiB is bound. >

'L--’\L

3,

T432. This al mechanism would explain

the strict order of phosphorylation events (T432
first and 8431 second) and is consistent with the
structural data.

Once phosphorylated, S431 can engage in
additional hydrogen bonding interactions with

REVIEW I

amino acids in the same subunit (Fig. 3F and fig.
$3). Among the inferacting residues is T426, whose
mutation to Ala abolishes clock function (24), The
configuration observed in the crystal structure for
the T432 and $431 phosphate groups of chain fis
particularly interesting in fhat it shows the two phos-
phate groups in van der Waals contact and stabilized
by an inferacting arginine (R393; Fig. 3G). This
provides structural evidence that T432 and S431
can, in principle, get close enough to each other to
allow for a phosphate transfer. Another structural
observation supporting the alternative mechanism
is that in the two subunits exhibiting phospho-
rylation only at T432 (chains ¢ and d; Fig. 3A), the
side-chain oxygen atom of S431 lies closer to the
phosphate of P-T432 (7.0 A} than to the y-phosphate
of ATP (8.4 A). However, the observation that the
T432E nutant protein can still be phosphorylated
at 8431 (28) indicates that phospho-transfer to S431
infonnation on the phosphorylation events at the
KaiCIl subunit interfaces and the inter- and intra-
subunit interactions fomed by the phosphorylated
residues indicates that the number of hydrogen
bonds increases as first T432 and subsequently
$431 is phosphorylated. This progres-
sive increase in molecular interaction
would make the reverse reactions un-
favorable, causing a built-in rmtcheting
mechanism that drives the KaiC
oscillator unidirectionally.

We envision that a conforma-
tional change is then required to
drive KaiC forward to the phos-
phatase state and achieve dephos-
phorylation first of T432 and then
of 8431 in all six subunits. Sequen-
tial dephosphorylation in this order
has been observed in biochemical
assays (28, 35). Interaction of KaiB
with KaiC' facilitates the formation
of the phosphatase state. Unlike
KaiA, which has similar affinities
for various forms of KaiC (30,
KaiB binds preferentially to the hy-

Why Biological Time Does Not
Run Backward

The KaiC crystal structure exhib-
ited double phosphorylation at T432
and 8431 in four of the six subunits
(21, 24) In the remaining two sub-
units, only T432 was phosphorylated
(Fig. 3A). The T432 side-chain ox-
ygen atoms are closer on average
to the ATP v-phosphate (7.3 A)
than the 8431 side-chain oxygen
atoms (8.4 A); however, neither
side chain is in an optimal posi-
tion for phosphotransfer. This is
not surprising because phosphoryl-
ated subunits represent the kinase
product state and the phosphoryl-

Fig. 2. KaiA-KaiC interaction. (A) The crystal structure of the KaiC hexamer
shows a double doughnut shape formed by two lobes per subunit [Protein
Data Bank (PDB) ID 2GBL]. The S-shaped loops (amino acids 485 to 497)
(green) dip into the central channel of the hexameric barrel. The flexible
C-terminal residues (amino acids 498 to 519) extend from the Cll end of
the hexamer. Some of the C-terminal tails are shorter than others because
this region is partly disordered and only two chains have been completely
traced out to the C-terminal 5519 residue. ATP {(gold) is bound between
subunits in both the lower CI ring and the upper ClI ring. (B} The six S-shaped
loops (green stick representation} interact via a hydrogen bond network.
Hydrogen bonds are shown in magenta and the view is perpendicular to
(A) as seen from the Cli side. (C) The Cll end of one KaiC monomer as in the
crystal structure with the S-shaped loop in green. (D) The Cll end of one KaiC
monomer as proposed to interact with KaiA, with the S-shaped loop pulled
out (33). In (C) and (D), the S-shaped loop and C-terminal tail are shown as a
wide ribbon. (E) Model of the KaiA-KaiC interaction based on combined
structural information from x-ray crystallography, nuclear magnetic resonance,

ated side chains have presumably
moved away from ATP to avoid
unfavorable electrostatic interac-

and three-di ional EM (33). One S-shaped loop (green) is shown pulled
out of the KaiC hexameric barrel. For clarity, the S-shaped loop and C-terminal
residues are shown for only one of the six KaiC subunits. The KaiA dimer
is shown in red and purple.

www.sciencemag.org SCIENCE VOL 322 31 OCTOBER 2008

perphosphorylated form of KaiC
(specifically, P-8431) (28, 35). KaiC
can thus be either a kinase or a
phosphatase; at present, only the
kinase state has been captured in
a high-resolution crystal structure,
Some of the outstanding questions
for further research on the bio-
chemistry of these key reactions
include understanding the mech-
anism of monomer exchange, the
configuration of KaiC in the un-
phosphorylated state, and the means
by which KaiC can dephosphorylate.

How Does This in Vitro
Clockwork Tick?

The unexpected demonstration that
KaiC’s phosphorylation status con-
tinued to cycle when the three Kai
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proteins are combined in a test tube
and ATP was added to provide en-
ergy (Fig. 1E) (22) shows that cir-
cadian oscillations are not absolutely
dependent upon transeriptional and/or
translational feedback (22, 27, 39, 40).
The in vitro thythm, KaiC’s dephos-
phorylation rate, and KaiC’s ATP
hydrolytic activity are all temper-
ature compensated (22, 29, 40),
that is, a temperature compensation
mechanism is intrinsic to the char-
acteristics of the three Kai proteins
and the nature of their interactions.
How this is accomplished is an im-
portant unresolved question for the
cyanobacterial system and for cir-
cadian clocks in general (22, 29, 40).

The availability of the in vitro
system for analyzing the molecu-
lar nature of a circadian clockwork
allows biophysical, biochemical, and
structural analyses that were previ-
ously impossible. EM, chromatogra-
phy, and native gel electrophoresis
techniques have been applied to
quantify the time-dependent forma-
tion of complexes among the Kai
proteins (30, 31). KaiC exists in all
possible combinations with KaiA
and KaiB throughout the in vitro
oscillation: free KaiC hexamers,
KaiA+KaiC complexes, KaiB*KaiC
complexes, and KaiA+KaiB+KaiC
complexes (Fig. 1E). The proportions
of these complexes vary in a phase-
dependent manner: Free KaiC hex-
amers predominate at all phases;
~10% of KaiC hexamers appear as
KaiA*KaiC complexes at all phases;
and KaiB+KaiC and KaiA+KaiB-KaiC
complexes are clearly rthythmic, be-
coming most common in the KaiC
dephosphorylation phase (Fig. 1E)
(30, 31). Therefore, during the in
vitro oscillation, KaiC is undergoing
rthythmic changes in conformation,
phosphorylation status, and inter-
actions with KaiA and KaiB. As
structural studies have indicated,
changes in the KaiC phosphorylation/
dephosphorylation status correlate

Fig. 3. Structural stabilization mediated by phosphorylation and KaiB-KaiC
interaction. (A) Ring of Cll lobes from the KaiC crystal structure. Four subunits,
chains a, b, e, and f (pink), are doubly phosphorylated at 5431 and T432. Two
subunits, chains ¢ and d (blue), are singly phosphorylated at T432. The side
chains of 5431 and T432 are shown in space-filling representation and are
colored by element with phosphorus atoms in cyan and oxygen atoms in red.
ATP (gold) is bound between the CIl lobes. (B) Cll lobe of a doubly phasph&
rylated KaiC monomer (chain a) with the S-shaped loop in green. The view is
perpendicular to (A). (C} Model of the KaiBKaiC interaction based on com-
bined structural i from x-ray cr and three-di

EM (34) with KaiB dimers in green and gold. (D) Model ofthe KalA'Kal‘BFKalC
interaction with KaiA (red) and KaiB (green) dimers in

tional changes among thousands of
molecules per cell (~10,000 KaiC
monomers per cell) (37), permitting
robust oscillations of high precision
and synchrony.

From Test Tube to Cell; Embedding
the KaiABC Oscillator Within a
Transcription and Translation
Feedback Loop

What is the role of the post-
translational KalABC oscillator
in the overall cellular program
(Fig. 4)? There is a rhythm of
KaiC phosphorylation in vivo that
continues in the absence of tran-
scription or translation, but there
are also thythms of KaiB and KaiC
abundance in metabolically active
cells that have been interpreted in
terms of a transcription and transla-
tion feedback loop (TTFL) (40, 41).
Perhaps the rthythms of KaiC phos-
phorylation and abundance are
complementary processes that can
oscillate independently or can in-
teract to generate a more robust
overall program (42). Early evi-
dence for a core TTFL oscillator
in cyanobacteria was partly based
on experiments in which KaiC abun-
dance was experimentally manipu-
lated in vivo; KaiC expression from
an inducible promoter reset the cel-
lular clock in a phase-dependent
manner {15, 41). Although the most
direct impact of KaiC expression is
upon abundance, such expression
could also perturb the phosphoryl-
ation oscillator; flooding KaiC pools
with newly synthesized and there-

those in the dass IV KaiABC particle images from negative-stain EM [see figure
1D in (32)]. (E) Hydrogen bonds (green) formed by the phosphate group of
T432 iin chain ¢ (blue). (F} Hydrogen bonds formed by the phosphate groups of
5431 and T432 in chain b {pink). In (E) and (F), the neighboring chain is
shown in gray. See figs. 52 and 53 for the hydrogen bonds formed by the
additional phosphate groups in chains a to f. (G) In chain f, the phosphate
group of 5431 is leaning toward T432, rather than toward T426 as in chains
a, b, and e. The position of the 5431 phosphate group in chain e i shown in
a faint representation. The phosphate groups of both 5431 and T432 in chain
f are stabilized by electrostatic interactions with R393.

fore unphosphorylated KaiC would
be expected to alter the phospho-
rylation ratio of the KaiC pool. If
the new synthesis of KaiC occurs
at a phase when hexamers are pre-
dominantly hypophosphorylated,
the oscillation of KaiC phospho-
rylation would be reinforced {en-
hanced amplitude). By contrast, new
synthesis of unphosphorylaied KaiC
when hexamers are predominantly

with conformational changes in KaiC. The central
core of the oscillator is probably the rhythm of
changes in KaiC conformation that modulate
interactions with KaiA and KaiB and influence
the activity of transduction factors such as SasA
and RpaA (13, 30, 31), whereas the role of the
KaiC phosphorylation/dephosphorylation is to
facilitate the changes of KaiC conformation that
mediate these interactions,

Maintenance of a high-amplitude oscillation
in the face of noise is a crucial characteristic of
any circadian oscillator (3). In the case of the in

the hexamers, a process that synchronizes the
phosphorylation status of the individual hex-
amers in the population of hexamers (Fig. 4)
(23, 30, 3I). Consequently, although cyano-
bacterial cells in populations are autonomous
oscillators that do not communicate phase in-
formation intercellularly (5), communication

hyperphosphorylated would lead to an overall
decrease in the KaiC phosphorylation status,
thereby altering the phase of the KaiABC oscil-
lator (phase shift) and/or reducing its amplitude.
Therefore, the postiranslational oscillator (PTO)
may regulate the timing of transcription and trans-
lation to occur in an optimal phase to enhance

among KaiC h via monomer exch

maintains a high-amplitude rhythm inside Lhc
cell (23, 31). Therefore, the postiranslational
cyanobacterial clockwork is composed of bio-
chemical reactions such as phosphorylation, ATP

vitro oscillator, KaiC ‘hange among

hydrolysis, monomer exch , and conforma-

b of the larger oscillating system (Fig. 4).
In this scenario, the PTO is embedded in a TTFL;
the PTO may most directly determine the dy-
namics of the circadian system, but the TTFL
provides a secondary feedback loop that aids
tobustness.

31 OCTOBER 2008 VOL 322 SCIENCE www.sciencemag.org
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Fig. 4. A self-sustained posttranslational oscillator (PTO) embedded within a transcription and trans-
lation feedback loop (TTFL). The posttranslational KaiABC oscillator (cycle connected by red arrows)
is determined by phosphorylation of KaiC (blue hexamers) as regulated by interactions with KaiA

(red dimers) and KaiB (green tetramers).

1 of KaiC hex-

5

synct

americ status via exchange of KaiC monomers (23, 30, 31). Monomer exchange is depicted in the
center of the PTO by KaiC monomers exchanging among KaiC hexamers; phase-dependent changes in
the rate of monomer exchange are indicated by the thickness of the double-headed black arrows. New
synthesis of KaiC feeds into the KaiABC osdllator as nonphosphorylated hexamers or as monomers that
exchange into preexisting hexamers. The PTO brings KaiC to a state that regulates chromosome topology
and/or transcriptional factors ("TFs") to control global transcription of all promoters (including those
driving expression of the essential clock genes koid, kaiB, and kaiC).

What are the potential benefits of a biochem-
ical (PTO) oscillator embedded within a genetic
(TTFL} oscillator? A core oscillator that is com-
posed of biochemical reactions among thousands
of molecules per cell should be more robust in
the face of metabolic noise than one founded on
transcriptional activity. This is particularly true
for cells that must maintain precise timekeeping
during cell division, when the rato of DNA to
transcriptional factors can change during repli-
cation and where DNA can become less accessi-
ble when chromosomes condense in preparation
for division. The advantage provided by a bio-
chemical oscillator such as KaiABC is that this
postiranslational system would be less suscepti-
ble to the influences of cell division (5-8) or
major changes in metabolic rate (40, 41) than
one based on transcriptional and translational
rates. Although eukaryotic circadian genes are
not homologous to kaidBC sequences, the pro-
teins they encode also undergo circadian thythms
of abundance and phosphorylation (/, 43, 44).
The benefit of a clockwork that is imperturb-
able even when buffeted by the massive intra-
cellular changes of cell division could have provided
an evolutionary driving force for convergent

circadian clock mechanisms among diverse
organisms.

We now recognize KaiABC as a dynami-

cally oscillating nanomachine that has evolved

0

precess unidirectionally and robustly. The

challenges ahead are to delve deeper into the
molecular nature of its temperature compen-

sat

ion, 1o examine the place of the PTO in the

larger cellular program, and to discover if the
clocks in our own cells have attributes that are
similar to those of bacteria.
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Wolbachia and Virus
Protection in Insects

Lauren M. Hedges, Jeremy C. Brownlie, Scott L.

"olbachia pipientis are matemally trans-
mitted, Gram-negative, obligate in-
tracellular bacteria found in filarial
nematodes, crustaceans, arachnids, and at least
20% of all insect species. Many Wolbachia bac-
feria increase their prevalence in populations by
manipulating host reproductive systems (/). In-
sects are also commonly infected with viruses,
and, considering the shared intracellular location,
it is possible that Halbackia may influence the
outcome of virus infection in an insect host.
Drosophila melanogaster is commonly in-
fected with Wolbachia and is a powerful model
for studying host-pathogen interactions and anti-
viral responses (2). Drosophila C virus (DCV), a
member of the Dicistroviridae family, is a natural
pathogen of . melanogaster and is found in 30 to
40% of both laboratory and wild-caught popula-
tions (3, 4). Infection of adult Drosophila with
DCV by injection can result in 100% mortality
within 3 to 4 days. Although variation in sus-
ceptibility of fly strains to DCV-induced mortality
has been recorded (3), the underlying basis for this
variation has not been determined.
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We compared the survival of flies infected
with DCV in the presence or the absence of
Wolbachia infection (Fig. 1 and fig. S1) (5). In
flies from the standard laboratory strain, Oregon
RC, Wolbachia infection delayed DCV-induced
mortality compared with Oregon RC flies cured of
Wolbachia infection (Fig. 1A). The delay in mor-
tality corresponded with a delay in virus accumu-
lation in Wolbachia-infected flies (fig. S2). The
experiment was repeated with the fly strain w'’*
with similar results observed (Fig. 1B). The sur-
vival curves of Oregon RC and w'''® Holbachia-
free flies were similar to those of two wild-type
laboratory populations (Champetiéres and Oregon
R) that are naturally uninfected with Wolbachia
(compare Fig. 1, A and B, with fig. $1). Oregon RC
and w™ flies are infected with two closely related
strains of Wolbachia, wMelCS and wMelPaop,
respectively (6). These results indicate that these
strains of Wolbachia, in different genetic back-
grounds of Drosaphila, have an antiviral effect.

Twao further viruses were tested with use of the
survival bicassay: ericket paralysis virus (CrPV,
Dicistroviridae), a natural Dyosophila pathogen,
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Fig. 1. Infection with Wolbachia protects flies from virus-induced mortality. The data shown represent the
mean of triplicates, and the bars indicate standard error. The survival curves were significantly different
for Wolbachia infected versus uninfected flies (Kaplan-Meier analysis, P < 0.0001 in each case). (A)
Comparison of the survival of Wolbachia-infected (ORC-w) and uninfected Oregon RC (ORCT) flies after
challenge with DCV. (B) Comparison of the survival of Wolbachio-infected (w) and uninfected () w'™*

flies after challenge with DCV. (€ Comparison of

the survival of Wolbachia-infected (ORC-w) and

uninfected Oregon RC (ORCT) flies after challenge with CrPV. (D) Comparison of the survival of
Wolbachia-infected (ORC-w) and uninfected Oregen RC (ORCT) flies after challenge with FHV.

and Flock House virus (FHV; Nodaviridae). The
latter is unrelated to DCV and CrPV and is patho-
genic in adult flies (7), although natural infections
have not been reported. Like DCV, both CrPV and
FHV induce rapid mortality when injected into
adult Drosophila. All Oregon RC flies infected
with Walbachia and CrPV died within 17 days
postinfection (Fig. 1C). In contrast, the Walbachia-
free Oregon RC flies died within 7 days of in-
fection. Similarly, Wolbachia-free flies challenged
with FHV died within 8 days of infection, whereas
26 days postinfection only 35% of the Wolbachia-
infected flies had succumbed to FHV-induced
mortality (Fig. 1D). These results indicate that the
antiviral effect observed in Wolbachia-infected
Drosophita functions to protect flies from diverse
RNA viruses.

Typically Wolbachia manipulate host repro-
ductive systems to increase the number of infected
hosts within a population. However, Wolbachia
strains that infect 1. melanoguster do not induce
these parasitic traits under field conditions at levels
sufficient to invade host populations (§). Theory
predicts that in the absence of strong reproductive
parasitism Plbachia should confer a fimess benefit
to the host, but for D, melanoguster no such benefit
has been identified in nature (8). Because both
DCV and Wolbachia are common in wild Dro-
sophila populations, the association of Wolbachia
with a robust antiviral effect may confer a positive
selective advantage to flies. If generalized, the an-
tiviral protection associated with Walbachia infec-
tion might be exploited in future strategies to
reduce insect-transmitied diseases,
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and Spontaneous Immortalization
in Mammalian Cells
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Aneuploidy, an incorrect number of chromosomes, is the leading cause of miscarriages and

mental retardation in humans and is a hallmark of cancer. We

the effects of ploid

on primary mouse cells by generating a series of cell lines that carry an extra copy of one of
four mouse chromosomes. In all four trisomic lines, proliferation was impaired and metabolic
properties were altered. Immortalization, the acquisition of the ability to proliferate indefinitely,
was also affected by the presence of an additional copy of certain chromosomes. Our data indicate
that aneuploidy decreases not only organismal but also cellular fitness and elicits traits that

are shared between different aneuploid cells.

umerical alterations in an organism’s
Nkaryalypc, a condition known as aneu-

ploidy, is associated with developmental
abnormalities in all species examined to date.
Studies in budding yeast (1), fisslon yeast (2, 3),
Drosophila (4), mmz:{S) ncc(a’),andm:cc(? 8’)
showed that ancuploidy
fitness and development. In humans as well, aneu-
ploidy is detrimental, representing the major cause
of mental retardation and miscarriages (9, I0).
However, aneuploidy is also a characteristic of the
disease of uncontrolled proliferation, cancer, This
raises the question: Ifaneuploidy is so deleterious,
why are most solid tumors aneuploid? We thus
examined the consequ:ncﬂ cfaneuplotdy on cell
proliferation and physi by four

with

were homozygous for a Roberisonian trans-
location [for example, a fusion between chromo-
somes 6 and 16 (strain A)] were crossed with a
strain homozygous for a second Robertsonian
translocation [for example, between chromo-
somes 16 and 17 (strain B)]. From this cross,
male offspring were selected that carried both
Robertsonian translocations (compound hetero-
zygotes) and mated to wild-type mice lacking
any Robertsonian translocation. Between 7 to
40% of the resulting progeny [the exact percent-
age depended on the strain background, stage of
embryogenesis analyzed, and identity of the trans-
location chromosome (&)] were trisomic for the
chromosome common to the two Robertsonian
translocations because of a meiotic nondisjunction

primary mouse cell lines that carry an additional
chromosome. Aneuploidy was detrimental at the
cellular level, causing a slowing of cell prolifer-
ation and changes in cellular metabolism. We
speculate that tumor development requires the
acquisition of aneuploidy-tolerating mutations
and propose that the mechanisms that elicit the
traits shared by aneuploid cells are ideal targets
for cancer therapeutics.

Generation of mouse embryonic fibroblasts
trisomic for chromosome 1, 13, 16, or 19. To
determine the effects of an additional chromo-
some on murine-cell physiology, we generated
mouse embryonic fibroblast (MEF) lines that
carried an additional chromosome (trisomic
MEFs). We used a breeding scheme to obtain
trisomic (Ts) embryos (fig. S1) (/0). Mice that
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event in the male germline,

With the exception of mice trisomic for chro-
mosome (Chr) 19 (Ts19), of which a small per-
centage of embryos developed to term and
survived for a short period of time, trisomic
embryos died in utero. However, many of these
embryos developed past embryonic day 10.5,
allowing for the generation of MEF lines (7). We
used mice that carried different combinations of
Robertsonian translocations 1o generate embryos
trisomic for chromosome 1, 13, 16, or 19. We
chose these four chromosomes because they
cover a large portion of the size and coding
spectrum of mouse chromosomes [Chrl, 197
mega-base pairs (Mbp) and 1228 genes; Chrl3,
120 Mbp and 843 genes; Chrl6, 98 Mbp and
678 genes; Chrl9, 61 Mbp and 734 genes] (11).

Initially, trisomic embryos were identified
by their distinctive morphology. They developed
more slowly than their euploid littermates and
many exhibited nuchal edema and other devel-
opmental abnormalities (Fig. 1A) (7). To verify
that the embryos were indeed trisomic for a par-
ticular chromosome, we counted the number of
chromosome arms in preparations of spread meta-
phase chromosomes from early-passage (<2

[
X Al

passages) MEF cultures generated from the
trisomic embryos (/2). We also used spectral kar-
yotype analysis (SKY), which identifies each
chromosome by a unique fluorescent color, to
confirm that the cell lines generated were tri-
somic for a single specific chromosome and that
other changes in chromosomal composition had
not occurred, at least during the early stages of
cell culture (Fig. 1B).

Gene expression from the additional chro-
mosomes is proportional to gene copy number.
The presence and consequence of an addi-
tional chromosome in MEFs was further deter-
mined by a genomewide transcript-expression
analysis. Total RNA was isolated from passage
2 cultures (42). Overall, gene expression changed
according to gene copy number, with expression
of genes present on Chrl6 increasing by on av-
erage 152% in cells trisomic for this chromo-
some (n = 3 independent cell lines) (Fig. 1C and
table S1). The expression of genes on Chrl3
increased on average 146% m Ts13 cell lines (z =
4 independent cell lines), the expression of genes
on Chrl increased an average of 155% in a Tsl
cell line (n = 1 cell line), and the expression of
genes on Chrl9 increased on average 151% in a
single Ts19 cell line (P < 107" for all cell lines,
Student’s ¢ test) (Fig. 1C and table S1). The ap-
proximate 150% increase in gene expression of
genes present on the trisomic chromosome in-
dicates that the genes present on the additional
chromosome are transcribed, which is consistent
with expression profiles obtained from patients
with Down syndrome (/3). Comparison of the
expression pattems of the different trisomic cell
lines did not reveal genes that showed increased
or decreased expression in all four different tri-
somic MEFs {tables S1 and S2), which suggests
that a gene-expression patiern common fto all
aneuploid cell lines does not exist. We conclude
that the majority of the genes present on the ad-
ditional chromosome are expressed. Thus, dosage
compensation at the transcriptional level does not
oceur in these cells.

Proliferation defects of aneuploid cells.
‘We next examined the ability of trisomic MEFs
to proliferate in culture. We used four indepen-
dent cell lines trisomic for either Chrl3, Chrl6,
or Chrl9 and three independent cell lines tri-
somic for Chrl. These trisomic cell lines were
compared with cell knes derived from euploid ft-
termates, which, because of the breeding scheme,
carried a single Roberisonian translocation.

‘We seeded MEFs, kept for a short time in
culture (we used MEFs at passage 3 to ensure
that both the euploid and trisomic cells were
karyotypically consistent with those of the em-
bryo) on multiple plates, and the number of cells
present in the wells was counted for 7 or 9 days.
In these accumulation assays, the medium was
changed every other day (figs. S2A and S3A) or
cells were kept in the same medium for the
entire experiment (Fig. 2A and fig. S3B) {12).
In both fed and unfed euploid cultures, cell
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number increased during the first 5 to 7 days
and then remained constant thereafter. The
trisomic cell lines behaved similarly to the
wild-type cells over the first two days of the
experiment. However, afier the initial two days,
proliferation of the trisomic cells decreased as
compared with that of euploid controls. The
decrease in proliferative capacity was severe in
Tsl and Ts13 cells but less dramatic and more
variahle though still statistically significant in
Ts16 and Ts19 cells (Figs. 2A and 3D and figs.
S82A; 83, A and B; and S4A). Thus, the
presence of an additional chromosome inhibits
cell proliferation in culture. This reduced
proliferation appears to be more pronounced as
the size of the additional chromoesome increases.

The trisomic cell lines analyzed carried two
Robertsonian translocations (Fig. 1B and fig S1).
To test the possibility that the Robertsonian
translocations rather than the presence of an extra
chromosome caused the proliferation defect, we
analyzed euploid cell lines that harbored 0, 1, or 2
Robertsonian translocations. The presence of
Robertsonian chromosomes did not affect cell
proliferation regardless of whether the medium
was changed or not (fig. S5A). We conclude that
the presence of an additional chromosome, not the
chromosomal fusion, reduced cell proliferation.

Cell volume is increased in trisomic cells.
During the establishment of MEF cultures, we
observed that the average size of trisomic cells
was increased (12). This was not caused by an
increase in the breadth of the size distribution but
was due to a shifi in the distribution of the cell
size toward a larger average size (Figs. 2, B and
C, and 3D and figs. 82, B and C; 83, C and D;
and S4B). The increase in cell volume was readily
detectable by passage 3, the beginning of the pro-
liferation experiment, in all trisomic lines, and
persisted and sometimes even increased during the
course of the experiment (Fig. 2B and figs. S2B
and S3C). As observed in the cell proliferation
analysis, the increase in cell volume was more
pronounced in cells carrying an extra copy of the
larger chromosomes (Tsl and Tsi3 cells) and
was less dramatic and variable but nevertheless
statistically significant in cells carrying an extra
copy of the smaller chromosomes 16 or 19 (Figs.
2C and 3D and figs. S2B, S3C, and S4B). Anal-
ysis of euploid cells with 0, 1, or 2 Roberisonian
translocations showed that this increase in cell
volume was not due to the presence of fusion
chromosomes but to the presence of the addi-
tional chromosome (fig. S3B).

Because proliferation of primary MEFs is
inhihited when the cells come into close contact
with one another (/4), the increased size of -
somnic MEFs raised the possibility that the lower
cell mumber observed in these cultures resulted
from earlier contact inhibition rather than a de-
creased ability to proliferate. To test this possibility,
we calculated the cumulative cell volume (CCV)
by multiplying the cell number by the average
cell volume. If a larger cell size and thus earlier
contact inhibition was responsible for the

decreased cell number in trisomic cultures, the
CCV should be the same in wild-type and tri-
somic cell lines. This was not the case. Trisomic
cell lines produced less CCV than euploid con-
trols. This defect was pronounced in cell cultures
tisomic for Chrl or Chrl3, more subtle and
variable but hel istically signifi

i cell cultures trisomic for Chrl6, and not de-
tectable in cells trisomic for Chrl9 (Figs. 2D and

3D and figs. S2D, S3E, and S4C). Our results
indicate that the CCV of cultures trisomic for
chromosome 1, 13, or 16 is less than that of
euploid controls. Analysis of euploid cells with 0,
1, or 2 Robertsonian translocations showed that
this decrease in CCV was not due to the presence
of fusion chromosomes but to the presence of the
additional chromosome (fig. S5C). We conclude
that the reduced cell accumulation in trisomic
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Fig. 1. Generation of trisomic embryos and MEF cell lines. (A} Ts embryos were recovered by timed
matings. The trisomy 1 (Ts1) embryo was recovered at 10.5 days after coitus. Ts13, Ts16, and Ts19
embryos were recovered at 14.5 or 15.5 after coitus. In all instances, Ts embryos were identified by
their developmental abnormalities and reduced size (7). (B) Examples of SKY analysis of metaphase
spreads prepared from early passage (<p3) Chrl3 and Chrlé trisomic MEFs. Chromosomes and
Robertsonian translocations are identified. (€} Gene-expression pattern of aneuploid cell lines and
lines from euploid littermate controls {12). Transcripts were binned by chromosome and the average gene
expressionftotal chromosome is shown. The asterisk indicates the identity of the trisomic chromosome. The
increase in gene expression was highly significant (P < 1 x 107, all trisomies, Student’s t test).
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cultures is due to proliferation defects. These
defects are more severe in cells carrying an exira
copy of larger chromosomes.

To examine whether the cell proliferation
defect observed in trisomic cells arose from delays
in a specific cell-cycle stage, we compared the

DNA content between asynchronously growing
trisomic and euploid MEFs (/2). The flow
cytometric profile was similar in the trisomic cells
and euploid controls examined (Fig. 2E and fig.
S3F). Neither cell lysis, as judged by the presence
of large amounts of cellular debris in the cell

RESEARCH ARTICLES I

volume determination (Fig. 2C and figs. S2C and
83D), nor senescence-associated f-galactosidase
activity (fig. S6) was increased in trisomic cell
lines. Cell proliferation was also impaired in
primary cells from humans with Down syndrome
(trisomy 21}, but a specific cell-cycle defect was
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Fig. 2. Proliferation defects in trisomic MEFs. Wild-type (open circles)
and Ts cells (solid circles) were plated and counted daily for cell number
increase (12). Error bars are +SD. The data for each column come from
the same cell line. (A} Growth of early passage (p3) trisomic cells under
“unfed” (medium was not changed) conditions. (B and C) Average cell
volume of cells under growth conditions in which the medium was not
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changed [unfed (B)] and the distribution of cell volumes in the culture at
day 5 of the accumulation assay (C). The low amounts of small-sized
particles in (C) indicate that cells are not undergoing lysis. (D} Analysis of
the CCV (number of cells times the average cell volume) during the
proliferation assay in (A).
asynchronous wild-type and trisomic cells.

Error bars are +5D. (E} DNA content analysis of
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not observed either (15, 16). It is possible that
progression through the cell cycle is slowed over-
all in trisomic mouse and human cells. How-
ever, we favor the idea that specific cell-cycle
defects exist but are too subile to be detected in
asynchronously growing cells. Although our re-
sults did not reveal a specific cell-cycle defect,

they clearly show that aneuploidy hampers rather
than promotes cell proliferation. Thus, during
tumorigenesis, the aneuploid state of a cell would
impair rather than accelerate the process.

Altered metabolic properties of aneuploid cells.
Many metabolic pathways are altered in tumor
cells (/7). The trisomic MEFs we generated allowed

us to examine whether the aneuploid state could
contribute to these metabolic changes (/2). We
first analyzed the use of glucose, a carbon source
of tissue culture cells, and of glutamine, another
carbon source as well as a primary nitrogen source.
To measure the amount of glucose and glutamine
used by trisomic MEFs, we grew cells over 9 days
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Fig. 3. Cellular metabolism in trisomic MEFs. (A to C) Tissue culture
supernatants of proliferation experiments were subjected to metabolic
analyses (12), and the amount of glutamine used (A) and ammonium (8)
and lactate (C) generated per CCV was determined at the indicated times.
The data for each column come from the same cell line. Error bars are
45D. (D) The table summarizes the changes in cell proliferation, cell volume
and CCV, as well as glucose and glutamine uptake and production of glu-
tamate, ammonium, and lactate. These P values are shown for measurements
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of the proliferation assays. P values were determined through a two-way
nested analysis of variance with standard statistical packages for values ob-
tained for days 3, 5, and 7 (table 54). Values below P = 0.05 were interpreted
to mean that the values obtained were either significantly increased or re-
duced. P values of >0.06 were interpreted to mean no difference between the
Ts line and the wild type. The asterisk denotes that the cell number, cell
volume, and CCV was determined for four trisomy 16-cell lines, whereas
the metabolic analyses were performed with three Ts1é lines.

SCIENCE www.sciencemag.org



without changing the medium and then measured
the amount of glucose and glutamine per CCV
remaining in the medium (/2). Glucose consump-
tion was slightly increased in cells trisomic for
chromosome 13 but was not affected in other tri-
somic cell lines (Fig. 3D and fig. §7, Aand C). In
contrast, glutamine consumption was increased
in all trisomic cell lines. It was higher in cells
trisomic for chromosome 1 and 13 and slightly
though statistically significantly increased in cells
carrying an extra copy of chromoesome 16 or 19
(Fig. 3, A and D, and figs. S7C and S8A).

We also examined the production of the me-
taholites ammonium, glutamate, and lactate per
CCV. Ammonium and glutamate are produced
by the degradation of glutamine in tissue culture
cells. Additionally, ammonium is produced as a
result of the breakdown of amino acids because
of higher rates of autophagy or perturbations in
amino acid metabolism. We observed an increase
in the production of ammonium in all trisomic cell
lines (Fig. 3, B and D, and figs. S7C and S8B).
Glutamate production was increased in Tsl, 13,
and 19 cells but reduced in Ts16 cells (Fig. 3D
and figs. 87, B and C, and S8C), which indicates
that production of not all metabolites is increased
in all trisomic cells. Lactate is produced when
pyruvate accumu].atﬁ in cells as a result of an
increase in g defects in mitochondrial
function, the dxxmpu(m of pyruvate import into the
nutuchcmdm:, or an increased activity of lactate
deh: Lactate prod was slightly
though statistically s&gmﬁmmly increased in Ts13,

A
[ o-wr
w B04 “4=Ts13
4
Euﬂ
2 40
2
]
5 20-
-4
€ o
G 5 10 1% 20 25 30 45 40 45 S50
Number of passages
<-wr
o -
=100
a0
40
§o
2 2o
£
10 20 30 40 61 80 70 &0
Number of passages.
100
P et
g 9] s
gm
§
E
g=
a
o
? 5 10 do % % % 10 4 o

Nurmber of passages

www.sciencemag.org

Ts16, and Ts19 cell cultures and was approaching
significance in Ts! cultures (Fig. 3, C and D, and
fig. S8D). The changes in metabolism observed in
aneuploid cells were specific to the presence afan
dditional chy ne and not to the R

fusion event. Analysis of euploid cells carrying 0,
1, or 2 Robertsonian translocations showed that
the changes in metabolism were not due to the
presence of fusion chromosomes in cells, because
all the characteristics were indistinguishable be-
tween these cell lines (fig. S5D).

We conclude that primary aneuploid cells
display alterations in glutamine use and the pro-
duction of ammonium and lactate and speculate
that these phenotypes may reflect a general al-
teration in energy production in the aneuploid
cells. An increase in lactate production was first
described nearly 100 years ago by Otto Warburg
in Flexner-Jobling’s rat carcinomas (/8). It is now
clear that many aspects of cellular metabolism are
altered in tumor cells. Our results raise the pos-
sibility that one (but by no means the only) cause
of the metabolic alterations observed in tumor
cells is their ancuploid state.

Effects of trisomy on immortalization. Aneu-
ploidy is a characteristic of many tumors and
has been proposed 1o play a key role in promot-
ing tumorigenesis (/9). Consistent with this idea
is the observation that the occurmrence of acute
Iymphoblastic leukemia and acute megakaryoblastic
leukemia is greatly increased in Down syndrome
patients (20). However, the incidence of many
solid tumors in these individuals is only half of

B
Cellne N Pessage StdDev. p value (t test)
WT 3 26.3 33
T3 3 228 96 ] 058
Wr 3 300 43
e 3 3w s | 0o
WT 3 238 35
Ts19 3 216 31 ] o

Fig. 4. Rates of spontaneous immertalization of
primary aneuploid MEFs. (A) Cells were serially
passed in a 3T3 immortalization assay (12), and
the number of population doublings are shown
as a function of the number of passages. (B) The
mean number of passages (passage) until immor-
talization was calculated, as described (22). The
standard deviations are shown in the column to
the right. P values are given in the last column. The
average number of passages until immortalization
for the Ts16 cell lines does not include the Ts16 cell
line that failed to immortalize. For Ts19, two of the
three immortalization assays were performed in in-
dependent experiments with cells obtained from the
same embryo.
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that in the normal population, raising the possi-
‘bility that aneuploidy also restricts the formation
of certain tumors (27, 22). Studies of mouse
mutants that result in an increased frequency of
aneuploidy also revealed mixed results. A mouse
‘model in which chromosome mis-segregation was
induced by the inactivation of a component of the
chromosome segregation machinery {centromere
protein E) indicated that aneuploidy acts in an
oncogenic manner in some cell types but inhibits
tumorigenesis in others {23). Random aneuploidy
caused by transient overexpression of Mad2 in
the mouse appears to initiate tumor formation
only in certain cell types (24). A mouse model
expressing a hypomorphic allele of the spindle-

ly checkpoint protein BubR1 displays
progressive aneuploidy and exhibits an accelerated
aging phenotype but without an increased mcidence
of igenesis (25). Finally, segn | trisomy
reduces the number of umors in the colon cancer
adenomatosis polyposis coli (APC) multple in-
testinal neoplasia (APC™) mouse model (26).
Thus, it is unclear whether aneuploidy inhibits or
promotes tumorigenesis or does both. The pri-
‘mary frisomic cell lines we generated allowed us
o begin to address this question and test the pos-
sibility that the identity of the additional chromo-
some determines whether aneuploidy promotes or
inhibits tumor formation. We did this by examining
the effects of specific additional chromosomes on
immortalization induced by serial passage in vitro,
Although it is clear that in viro immortalization
does not recapitulate all aspects of tumorigenesis,
it is in most cases accompanied by two important
characteristics of many solid tumors: (i) loss of
P53 tumor suppressor pathway function and (i)
aneuploidy (27).

MEFs can be serially passaged, and after a
period of reduced proliferation these cells will
spontaneously overcome this period of reduced
growth (27). This process of serial passaging until
the culture fails, or until a subpopulation acquires
the ability to grow indefinitely (which is usually
caused by loss of p33 function), is referred to as a
3T3 protocol (27). We cultured four Ts16, three
Tsl3, and three Ts19 cell lines, and one Tsl cell
line in parallel with littermate euploid controls
through serial passages, to analyze the number of
passages required for trisomic MEFs to generate
immortalized cells (12). To detenmine the passage
at which immortalization occurred, we fit the pop-
ulation doublings for each culture to a double-
linear fit model (12); the point at which the two
lines intersect represents the passage by which
immortalization had occurred. Immortalization
was delayed in cell lines trisomic for Chr16. One
line failed to immortalize and 3 lines showed a
significant delay in the process as judged by their
passage number (P < 0.04, Student’s ¢ test) (Fig.
4, A and B). In the trisomic cell lines that
spontaneously immortalized, immortalization
required on average 39 (+4, SD) passages as
compared with 30 (+4, SD) passages in matched
euploid cultures (Fig. 4, A and B). Thus, the
presence of an extra copy of Chrl6 hampers
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spontaneous immortalization. The one cell line
that was trisomic for Chrl failed to immortalize
(fig. 89), which raises the possibility that an extra
copy of Chrl also antagonizes immortalization.
In contrast to cell cultures trisomic for
chromosome 16 or 1, the rmmhn‘ of pamsgm
necessary to achieve s

MEFs, and thus are probably also translated, the
same could be true in mouse cells

toward transformation, and this disadvantage must
be overcome during tumorigenesis. Identifying

Most solid tumors are ploid. Our results
and that of others indicate that aneuploidy sup-
presses rather than enhances tumorigenesis. We
found that the presence of an extra chromosome
h d cell proliferation. There is also evidence

tion was similar in control and Ts13 cell lines with
26 (43, SD) passages in Tsl3 as compared with
23 (49, SD) passages in euploid cultures (Fig. 4, A
and B). The number of passages was also in-
distinguishable from the euploid controls for the
Ts19 cell lines analyzed. Ts19 cell lines required
22 (£3, SD) passages, whereas the euploid
counterparts immortalized at 24 (4, SD) passages
(Fig. 4, A and B). These results indicate that
although proliferation is slower in cells trisomic
for chromosome 13 or 19, immortalization occurs
affer a similar number of passages as compared
with that in the wild type. In fact, when the time of
immorialization is described as a function of pop-
ulation doublings, Ts13 cells immortalize earlier
than in wild-type controls. On average only 12
(£5, SD) doublings were necessary to immortalize
Ts13 cell lines as compared with 27 (8, SD)
doublings in euploid controls (P < 0.05, Student’s
1 1est). Our results indicate that aneuploidy affects
the rate of immortalization in MEFs and this effect
depends on the identity of the extra chromosome.
These findings imply that the immortalization
barrier caused by the proliferation defect due to
aneuploidy (with perhaps the exception of that in
Tsl) can eventually be overcome. The difference
in the efficiency with which various trisomic lines
overcome the proliferation barrier indicates that
the underlying mechanism might differ in the
individual aneuploid cell lines. However, once
immontalized, trisomic cells do not consistently
differ from immortalized euploid cells in their
chromosome number. All immortalized trisomic
and euploid cell lines were near tetraploid (table
83}, which suggests that once immortalization
occurs the degree of aneuploidy does not differ
between euploid and trisomic cell lines.
Discussion. Our analysis of MEFs, each con-
taining a different additional chromosome, revealed
that in addition to chromosome-specific traits, the
four trisomic MEFs share characteristics such as
acell-proliferation delay and an altered metabolism.
MEFs carrying hypomorphic mutations in the
spindle-checkpoint compenent BubR 1 frequently
camry one or two extra chromosomes, and their
proliferation is also impaired (25), which indicates
that at least the defiect in cell proliferation is shared
among different types of aneuploidies in the mouse.
Primary foreskin fibroblasts of individuals with
Down syndrome also exhibited a proliferation delay
and an increase in cell volume (16, 28), which sug-
gests that aneuploidy may also hamper proliferation
in human cells, In budding yeast, the proliferation
defects of aneuploid cells is caused by imbalances
in intracellular protein compesition due to expression
of genes on the additional chromosome (7).
Because the genes present on the additional chro-
mosome are also transcribed in the trisomic

to suggest that at least human Ts21 cells do not
proliferate as well as euploid cells, either (28).
Also, the T ge of cells undergoing DNA

that can overcome the proliferation-
inhibiting effects of aneuploidy may provide new
pathways to exploit in cancer treatment. Given
that most solid tumors are aneuploid, the cellular
consequences of aneuploidy may also provide
previously unidentified targets in cancer therapy.
Characterizing the phenotypes associated with

iploidy in human cells, as well as identifying

replication in solid tumors, which are mostly
aneuploid, varies between 2 to 8%, whereas a
nomal renewing epithelium such as the intestine
exhibits a DNA replication index of approxi-
mately 16% (29). Furthermore, individuals
carmying an extra copy of chromosome 21 have
a 50% lower probability of developing solid
tumors than do individuals with the comect
chromosome number (24, 22). Segmental trisomy
in the mouse has been shown to reduce incidence
of neoplasia in the sensitized APC*" genetic
background (26). Additionally, mouse models in
which low-level aneuploidy was induced through
interference with the chromosome segregation
machinery prevented tumor formation in many
tissues and caused tumor formation only relatively
late in others (23-25).

A few findings, however, argue for a cancer-
promoting role of aneuploidy. Loss of heterozygosity,
which can arise from chromosome loss or aneu-
ploidy, is detected in atypical ductal hyperplasias,
which can be precursors of breast cancer (30) and
insmall (2 mun in diameter) adenomas, which are
thought to represent early-stage colon cancers
(31-33). Finally, even though tumors form late in
mice camrying a low-level aneuploidy-inducing mu-
tation, they do occur with an increased frequency in
some tissues,

How can we reconcile these results? We pro-
pose that aneuploidy is a barrier toward tumarv

mall molecules that Lly target aneuploid
cells, may provide new avenues in the treatment
of cancer.
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Structure and Molecular Mechanism
of a Nucleobase—Cation—Symport-1

Family Transporter
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The nuclecbase—cation~symport-1 (NCS1) transporters are essential components of salvage
pathways for nucleobases and related metabolites. Here, we report the 2.85-angstrom resolution
structure of the NCS1 benzyl-hydantein transporter, Mhpl, from Microbacterium liquefaciens.
Mhpl contains 12 transmembrane helices, 10 of which are arranged in two inverted repeats of five
helices. The structures of the outward-facing open and substrate-bound occluded conformations
were solved, showing how the outward-facing cavity closes upon binding of substrate. Comparisons
with the leucine transporter LeuT,, and the galactose transporter vSGLT reveal that the outward-
and inward-facing cavities are symmetrically arranged on opposite sides of the membrane. The
reciprocal opening and closing of these cavities is synchronized by the inverted repeat helices 3
and 8, providing the structural basis of the alternating access model for membrane transport.
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Another group, the secondary active transporters,
uses the free energy stored in an ion gradient for
substrate transport. A third group carries out
facilitated diffusion without energy input. The
kinetics and thermodynamics of all types of
transporters can, in principle, be explained by
the alternating access model of molecular trans-
port (1, 2). According to this model, a substrate-
binding site located toward the center of the
protein in the membrane has alternating access
to either side of the membrane as a result of
reciprocal opening and closing of cavities con-
necting the binding site to either side of the
membrane. This mode! is well studied and was
established for various transporters with use of
kinetic and biochemica! methods (3, 4). For the
P-type adenosine triphosphatases (ATPases) and
the ATP binding cassetiec (ABC) transporters, the
‘mechanism has also been studied on the basis of
the structures of these proteins in various con-
formational states (3, 6). Secondary transporters
are hiochemically well characterized, particularly
lactose permease (7-9) and other members of
the major facilitator superfamily (MFS) trans-
porters (18, 11), but here the structural basis of
the altemating access mechanism is less well
understood.

Here, we show how structural studies of the
secondary active membrane transporter, Mhpl,
from Microbacteritum liguefaciens provide insight
mto the mechanism of altemating access. Mhpl
mediates the uptake of indoly! methyl- and benzyl-
hydantoins into M. liquefaciens, as part of a meta-
bolic salvage pathway for their conversion to
amino acids (/2). Mhpl is a member of the so-
called nucleobase-cation-symport-1, NCS1, family
2.A.39(13, 14) of transport proteins, which has at
least 800 known homologs in eubacteria, archaea,
fungi, and planis, according to the UNIPROT
(www.uniprotorg) database. Known substrates
for the other NCS1 subfamily transporters in-
clude allantoin, uracil, cylosine (including the
antifungals, 5-fluorocytosine and 5-fluorouracil),
purines, thiamine, pyridoxal-based compounds, and
nicotinamide riboside (www.membranetransport.
org/) (15, 16). The x-ray structure of the Mhpl
protein described in this paper reveals similarities
of this cation-coupled transporter 1o the Aguifex
aeolicres leucine transporter LeuTy, (/7-19), a
‘member of the neurotransmitter-sodium-symporter
family, NSS 2.A.22, (13, 16, 20) and to the Vibrio
parahaemolyticus sodium-galactose symporter
vSGLT (21), a member of the solute-sodium-
symporter family, *SS8” 2.A.21. (I3, 16, 22). De-
spite this structural similarity, the amino acid
sequence of Mhpl exhibits anly an insignificant
15% identity to LeuTy, and 16% to vSGLT, as
calculated by the LALIGN algorithm (www.ch.
embnet.org/software/LALIGN_form himl) (23).

The two x-ray structures of Mhpl, in the
outward-facing open conformation and in the
outward-facing occluded conformation with benzyl-
hydantoin, demonstrate the conformational change
consequent upon the binding of substrate from
the outside of the membrane. Comparison of these
Mhp! structures with those of LeuT 5, and vSGLT

Table 1. Refinement statistics. Resolution numbers
in parentheses refer to the statistics in the highest
resolution shell. Riyue = YlFops — Feat 2 Fons The
Rie 15 the same as the Req,, but for the 5% of test
reflections. Ramachandran plot outliers are as
defined in MolProbity (39).

Resolution (A) 30-2.85 (2.92-2.85)

Reactor (%) 24.0 36.3)
Rigee (%) 28.1 (418)
Average B value (A% 60.1
RMSD from ideal values

Bonds (A) 0.010
Angle (°) 0.982

Ramachandran plot outliers (%) 0.2
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suggests a possible further conformational change,
which allows the release of the substrate into the
inside of the membrane. The inward- and outward-
facing cavities of the transporters are symmetrically
arranged on the opposite sides of the membrane
by using two inverted repeated segments related
by an intema! pseudo-twofold axis paralle! to the
membrane. This comparative study suggests how
the reciprocal opening and closing of inward-
facing and outward-facing cavities could be syn-
chronized by helices 3 and 8 that connect the two
cavities on the opposite sides of the membrane.

Structure determination. For details, see
{24). The structure of Mhpl without substrate
was solved by using multiple isomorphous re-
placement in combination with twofold cross-
crystal averaging (25). The model was refined
against data extending to a resolution of 2.85 A
with an Ry, of 24.0% and a corresponding R
0f 28.1% (Tablel, table S1 and fig. S1) (26). The
structure of the complex of Mhp1 with benzyl-
hydantoin was solved from crystals grown in the
presence of the substrate. Despite the limited res-
olution (4 A), difference maps showed that the
substrate is present in the binding site and that
there is a structural rearrangement of residues 355-
370. To avoid over-refinement, we only remodeled
this region, followed by minimization with strict
harmonic restraint (24). This partially remodeled
structure gave an Ry, of 342% and a cor-
responding Rge, of 39.2% (24).

Transporter architecture. The structure is
composed of 12 membrane-spanning helices as
was predicted (Fig. 1A) (12), although previous
assignment of transmembrane helices (TMs) based
on homologous yeast NCS-1 transporters needed
a slight revision (fig. 82) (15). The 12 trans-
membrane helices (TMs) are arranged in two
repeating units {TMs 1 to 5, residues 20 to 190,
and TMs 6 to 10, residues 209 to 388) connected
by an 18-residue loop and followed by an addi-
tional two transmembrane helices (Fig. 1, A and
B). The similarity of the two repeating units is
such that 65 out of a possible 170 Ca pairs can be
superimposed with a root mean square deviation
(RMSD) of 2.5 A (24), despite the absence of
significant sequence homology between the two
units. The two units show an opposite topology
with respect to the membrane and are related to
each other by a rotation of 168° around an axis in
the center of the membrane and parallel to its
plane. An inverted topology repeat is commonly
observed for many membrane transporters and
chamnels (/7, 21, 27-31). The two repeat units
are completely intertwined, giving a central four-
helix bundle consisting of the two broken TMs,
1 and 6, associated with TMs 2 and 7 (Fig. 1).
This bundle is coated, on the side of TMs 1 and 6,
by a layer formed by the other six helices; TMs 3
and 8, facing directly toward TMs 1 and 6, forma
long antiparallel unit threading through two
V-shaped structures formed by TMs 4 and 5 and
T™s 9and 10, respectively (Fig. 1A}, The substrate-
and cation-binding sites and the outward-facing
cavity ing these sites to th ides of the

Out

Benzyl
hydantoin
(refarence)

O

Fig. 1. Structure of Mhp1 from M. liguefaciens. (A) Mhp1 topology. The positions of the substrate- and
the cation-binding sites are depicted as a brown ellipsoid and a blue dircle, respectively. The membrane is
shown in gray, and the outward-facing cavity observed in the structure is highlighted in light blue. The
horizontal helices on the inside and outside of membrane are indicated as In and Out. TMs 3 and 8 pack
onto each other in three-dimensional space. (B) The Mhp1 structure viewed in the plane of the membrane.
The image is based on the high-resolution structure of the Mhp1 without benzyl-hydantoin. The position
of the substrate in the Mhp1-benzyl-hydantoin complex structure is shown as a reference. A sodium ion is
also shown and labeled. (C} View from the outside of the membrane.

Banzyl
hydantoin

Inward-
facing
cavity

Mhpl substrate-free Mhpl substrate -occluded vSGLT substrate-occluded

Fig. 2. Outward- and inward-facing cavities. (A} A slice through the surface of the Mhp1 substrate-free
structure, viewed parallel to the membrane, showing the outward-facing cavity. The Connolly surface of
Mph1 is shown in yellow (calculated with a probe radius of 2 A). The ribbon representation of Mhpl is
colored as in Fig. 1. (B) As for (A) but for the Mhp substrate-occluded structure. Bound benzyl-hydantoin
is shown in cyan. Note that the outward-facing cavity shown in {A) is blocked and the substrate is occluded
from the outside of the membrane. (C) As for (A} but for the vSGLT substrate-occluded structure (PDB.
accession code 3DH4), showing the inward-facing cavity. Bound galactose is shown in cyan and red.
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membrane are all located in the space between
the central four-helix bundle and the outer helix
layer (Figs. 1 and 2).

The amino acid sequence for TMs 11 and 12
and the C-terminal extension is poorly conserved
among the NCS1 family (fig. $2), and the struc-
tural role of this region is unclear.

Although from the respective seq it

structure of vSGLT (TMs 2-11) (21) (fig. $3).
Overall, 249 out of a possible 460 Ca pairs be-
tween LeuT,, and Mhpl can be superimposed
with a RMSD of 24 A (24). Using the same
algorithm to superpose Mhpl and vSGLT, 172
Ca atom pairs have an rms deviation of 2.2 A
(fig. 84).

i binding and changes

was not obvious, the fold of the core 10 helices of
Mhpl (TMs 1-10) is reminiscent of those of
LeuTy, (TMs 1-10) (/7) and the recently solved

In the electron density maps of the Mhpl crystals
with benzyl-hydantoin (Fig. 3, A and B), a V-shaped
density was clearly observed at a position almost

TM10

TM3y (-BH)
F
g =
£
s +15 mM NaCl
o
ERR)
8
€ 1 NaCl
8
g s
o
g o
T % s 10 15 20

Benzyl hydantoin (mM)

Fig. 3. Substrate- and cation-binding sites. (A) Substrate-binding site. The helices and key interacting
residues (36) of the site are shown. The benzyl-hydantoin and the nearby sodium are shown in magenta
and blue, respectively. (B) Electron density associated with benzyl-hydantoin. The 2F,—F, map (blue) has
been contoured at 0.6 and the F—F, map (red) at 3c. (C) The conformational change upon the substrate
binding. Transmembrane helix (TM) 10 and the loop between TMs 9 and 10 show a conformational
change that occludes the bound substrate from the outside of the membrane. The trace of this region,
shown in gray, is superimposed on the substrate-free structure. Benzyl-hydantoin is abbreviated as BH in
the figure. (D) Electron density and model for TM10. The 2F,—F, map (blue) has been contoured at 0.6G
and the F,—F, map (red) at 2a. The trace for the benzyl-hydantoin free structure is shown in magenta and
that for the benzyl-hydantoin complex is depicted in green. The gray trace is for the vSGLT structure (PDB
accession code 3DH4) superimposed onto Mhp1. The maps in (B} and (D) were calculated on the basis of
the molecular replacement solution by using the substrate-free structure with residues 355 to 370 omitted
5o is not biased by these residues [see (24) for details]. (E) Helices and key residues surrounding the
cation- and substrate-binding sites. (F) Tryptophan-fluorescence-quenching by benzyl-hydantoin. The
Mhp1 solution was titrated by benzyl-hydantoin and the decrease in the tryptophan fluorescence at 348
nm was moni The were d with (triangles) and without (circles) 15 mM NaCl
in the solution. For details, see (24). Error bars indicate the standard error of the mean (7 = 3).

RESEARCH ARTICLES I

identical to that of the leucine in the LeuT,, structure
and close to that of the galactose in vSGLT (fig. 85).
This site is located at the breaks in the discontinuous
TMs 1 and 6 and facing TMs 3 and 8 (Fig. 1. It
is located at the foot of the outward-facing cavity,
which is composed of the neighboring surfaces
of TMs 1, 3, 6, 8, and 10 and allows access of
the substrate to the binding site (Figs. 1 and 2A). The
structure of L-5-benzyl-hydantoin taken from the
Cambridge Structural Database (accession code
ITWEYAK) was consistent with the shape of this
density and the molecule was placed between Trp''
(TM3) and Trp™ (TM6) without requiring any
modifications of torsion angles (Fig. 3, A and B).

In the current model, the hydantoin moiety
forms a p!—s‘lackmg interaction with the indole-
ring of Trp''” and is within hydrogen bcndmg
distance of Asn™™® and Gln'*! (Fig. 3A). Trp'
and Asn™'® are conserved amongst all the trans-
porters in the family and GIn'*' only varies in the
uridine trasporter, FUI 1 (fig. S2}). Another
conserved residue, Asn™™, is within hydrogen
bonding distance of Asn**® such that it may hold
the asparagine side chain in position to interact
with the substrate. The benzy! group of the
subsrate is situated next to Trp™” and Gin'™. The
side chain of Trp™° moves into the binding site
with respect to its position in the substrate-free
structure and forms a pi-stacking interaction with
the benzyl moiety.

This binding mode is consistent with the
observation that Mhp1 has a higher affinity for
5-indolyl-methyl-hydantoin than for benzyl-
hydantoin (£2), because the indole group in the
hydantoin would form an even more extensive
packing interaction with Trp™ and, in addition,
the side chain of Gin* could form a hydrogen
bond with the nitrogen atom of the indole rings.
This residue could play a role in the substrate
specificity of the NCSI transporters as suggested
by sequence analysis (15).

The observed residues in the substrate-binding
site are consistent with the results of mutational
studies on a NCSI family member, Fcy2, that
transporis cytosine into Saccharomyces cerevisae
(32-35). Although Fey2? is a distanily related
homolog of Mhpl, the residues involved in the
substrate and cation binding can be aligned with
Mhpl unambiguously (fig. $2). Three of the
genetically selected Fey2 mutants, which show
an altered Michaelis constant K, of substrate
uptake, were substitutions in the segment 371 I-
A-N-N1P-N377 (36) of Fey2, which corresponds
to the residues 311 to 318 of Mhpl (32-34). Site-
directed mutagenesis studies on these residues
emphasized the le in the subsirate binding of
Asn®™ and Asnrn, which are equivalent to
Asn™ and Asn™® of Mhpl, respectively (35).

In the benzylhydantoin complex structure,
some conformational differences from the substrate-
free Mhp1 structure are evident (Fig. 3, C and D).
The N-terminal part of TM10 (residues 355 to
370) moves into the outward-facing cavity. This
occludes the substrate-binding site from the out-
side space of the membrane (Figs. 2B and 3C).
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This movement seems to be triggered by a re-
positioning of Trp™ located on TM6, which is
adjacent to TM10.

We, therefore, have two conformations of the
protein. We refer to the substrate-free structure as
outward-facing open and to the substrate bound
structure as outward-facing occluded.

Occluding the substrate-binding site from the
outside of the membrane is essential to prevent
the leakage of any molecules across the mem-
brane. In LeuT,,, it was proposed that this should
be achieved by the interactions between TMs
1 and 8 and TMs 6 and 3 (/7). The binding site is
occluded by the side chains of selected residues
that pack over the substrate in LeuT,, The oc-
cluding mechanism of the outward-facing cavity
for Mhpl, therefore, seems to be different from
that for LeuT,,. Itis noteworthy that in the closed
VSGLT outward-facing cavity (21), TM11 (equiv-
alent to TM10 of Mhpl) adopts a conformation
similar to TM10 in the occluded form of Mhpl
(Fig. 3D).

Cation-binding site. The electron density
map at 2.85 A resolution indicates a possible
cation-binding site at the C-terminal end of TM1a
interacting with TM8. The site includes the
carbonyl-oxygen-atoms of Ala 38, and Ile 41 of
TMI and the carbonyl-oxygen-atom of Ala 309,
and the hydroxyl-oxygen-atoms of the side chains
of Ser 312 and Thr 313, respectively (Fig. 3E and
fig. S6). Presumably the dipole moment at the C
terminus of TM1a contributes 1o the binding as
seen for other wansporters (17, 21, 27, 28, 30).
Currently, a sodium ion is modeled at this posi-
tion such that the substrate atoms form a square
pyramidal arrangement with the bond distances
between 2.2 and 2.7 A, which is too short for a
water molecule. An equivalent site was observed
and assigned as a sodium binding site in the
structures of LeuTy, and vSGLT (fig. S6). The
comnection between the cation-binding site and
the substrate-binding site could be made by residue
Asn®® on TMS and Gin*? on TM1. A requirement
for cation-binding to form a proper substrate-binding
site provides a basis for the coupling of the cation
and substrate translocation.

To confinn the sodiwm dependency of Mhpl,
which was not evident in whole cell uptake ex-
periments (12), the binding of benzyl-hydantoin

and/or sodium was measured using fluorescence
quenching (Fig. 3F) (37). The results clearly
show that the affinity of benzyl-hydantoin to the
protein [apparent dissociation constant (Ky) of
0.88 = 0.27 mM] is raised over 10-fold in the
presence of 15 mM sodium (apparent K 0.054 +
0.007 mM). We have also observed that the
benzyl-hydantoin increases the affinity of sodium
to Mhpl; in the absence of benzyl-hydantoin, the
apparent Ky for sodium is .15 £0.28 mM, and in
the presence of 2 mM benzyl-hydantoin, the value
is 0.15 + 0.04 mM. These results indicate that
the binding of sodium and benzyl-hydantoin are
tightly coupled in Mhpl.

Some of the NCS! family transporters from
yeasts and bacteria, including Mhp1, were thought
10 be proton- rather than sodium-dependent
(12, 15, 16). Sodium dependence in whole cell
transport assays may be ohscured by the presence
of a separate compensating sodium transport system
in the membrane. In the case of Mhp] the sensitivity
of assays is reduced by the low solubility and the
lipophilic nature of the substrate, preventing the test-
ing of sodium dependence in proteoliposomes. It
is also possible that Mhpl and other NCS-1 trans-
porters have a flexible cation selectivity, like the
MelB sugar-cation symporter (38).

Possible transport mechanism. The two
structures of Mhpl reveal the conformational
change of the transporter upon the binding of
substrate from the outside of the membrane. The
structure of vSGLT provides further insight into
the transport process because it is in an inward-
facing conformation closed with the substrate in
its binding site (Figs. 2C and 4). We refer to this
as an inward-facing, occluded conformation ac-
cording to the assignment in (21). There, the cavity
connecting the substrate-binding site 1o the inside
of the membrane is observed although the site is
still occluded (Fig. 2C and figs. 87 and S8). In this
VSGLT structure the outwand-facing cavity, as also
observed in LeuT,, and substrate-bound Mhpl, is
completely closed (Fig. 2C). The observed inward-
facing cavity n vSGLT is made of the neighboring
surfaces of TMs 1,3, 5, 6, and 8 (Fig. 2C and figs.
87 and SR), which are symmetrically related to the
outward-facing cavity observed in Mhpl on the
opposite side of the membrane. Thus, these struc-
tures are related by an approximate two-fold axis

Outward-facing
open

Oulward-acing
occluded

Inward-facing

Inward-facing
occluded

open

Fig. 4. Proposed substrate translocation mechanism by Mhp1. Schematic diagram showing four different
conformational states: outward-facing open, outward-facing occluded, inward-facing occluded, and
inward-facing open. Substrate- and sodium-binding sites are labeled as S and Na™, respectively.

that is parallel to the membrane (fig. S7). In Fig. 4,
we compare the conformations of the core 10
helices (TMs 1 to 10) of outward-facing Mhpl and
inward-facing vSGLT. These structures suggest
a reciprocating oscillation between symmetrical
states opening altemately to each side of the
‘membrane.

In the following, we propose a possible mech-
anism of molecular transport across the mem-
brane by Mhpl based on the x-ray structures
(Fig. 4).

1) Change of the outward-facing open state
to the outward-facing occluded state: In Mhpl,
the outward-facing cavity is formed by TMs 1, 3,
6,8, and 10 (Figs. 1C and 2A). Upon the binding
of the substrate, TM10 moves toward the cavity
closing access to the outside space of the mem-
brane (Figs. 2B and 4).

2) Change of the outward-facing occluded
state to the inward-facing occluded state: In
VSGLT, the inward-facing cavity is formed by
TMs 1,3, 5, 6, and 8 (Mhp numbering, figs. S7
and S8). In the structure, the substrate-binding
site is occluded from the inside of the membrane.
In the outward-facing conformation of Mhpl
(and LeuT,y), the inward-facing cavity ohserved
in VSGLT is occupied by TMS (and partly by
TM6). On the other hand, in the inward-facing
conformation of vSGLT, the outward-facing cavity
is occupied by TM3 (and partly TM6). It seems
that the alternation of the outward- and inward-
facing conformations is effected by the move-
ment of the helix bundle of TMs 3 and 8. It is also
possible that TMs 1 and 6 undergo a coordinated
shift with TMs 3 and 8, as proposed by Gouaux
and co-workers (/7). Because of the substantial
difference in the substrate binding sites of Mhp1
and vSGLT, it is difficult to estimate the extent of
the movement of TMs 1 and 6; thus, in Fig. 4
only TMs 3 and 8 are shown for simplicity.

3) Change of the inward-facing occluded
state 1o the inward-facing open state: This tran-
sition is required to release the substrates to the
inside, but no structures are available to define
this change. For v8GLT. it is proposed that the
movement of TyP® is enough to open up the
cavity (2/). For Mhpl, in addition, the opening
up of TMs 4 and 5 might be necessary. The con-
nection between TMs 4 and 5 is disordered and is
not modeled in vSGLT. If this connection has
a similar conformation to the one in Mhpl, it
would block the cavity.

The site of the cation uptake and release is
also controlled by the conformational changes,
because the ion-binding site is located between
TMs 1 and 8 (Fig. 4D). The cation-binding sites
of Mhpl and LeuTy, are very similar (fig. S6)
and are a part of the surface of the outward-facing
cavity, whereas the one for vSGLT is very differ-
ent and is a part of the inward-facing cavity, oc-
curring as a consequence of the conformational
change of TMs 3 and 8. This, together with the
strong coupling of substrate and cation binding,
should form the basis of substrate-cation symport.
The coordinated and reciprocating conformational
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changes observed on both sides of the membrane
provide a structural basis for the widely held view
of an altemating access mode! deduced from
kinetics data.
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Magnetism on the Angrite
Parent Body and the Early
Differentiation of Planetesimals

Benjamin P. Weiss,»* James S. Berdahl,* Linda Elkins-Tanton,” Sabine Stanley,”

Eduardo A. Lima,* Laurent Carporzen®

Angrites are among the oldest known pristine basaltic meteorites and record the earliest stages
of planet formation and differentiation. Our paleomagnetic analysis of three angrites found
that they record a past magnetic field of ~10 microteslas on the angrite parent body
extending from 4564 to at least 4558 million years ago. Because the angrite paleomagnetic

record extends beyond the expected lifetime of the early circ

llar disk, these pal

were probably generated internally on the angrite parent body, possibly by an early dynamo in

a rapidly formed metallic core.

asaltic achondriles are thought 1o be ig-

neous samples of the first differentiated

planetary bodies. Several classes of these
meteorites have crystallization ages within just ~3
million years (My) of the formation of the solar
systermn and contain geochernical signatures of metal
and silicate fractionation. Remanent magnetization
has been detected in meteorites from five basaltic
achondrite groups, indicating the presence of past
magnetic fields on these bodies (/). However, these

meteorites, as well as nearly all basaltic achondrite
groups, were subjected o brecciation, shock, and
‘metamorphic events tens to hundreds of millions of
vears after their formation that nx)d.lﬁnd ami, in

parent body. Angrites have Ph/Pb and HE'W ages
of 4564 1o 4558 milkion years ago (Ma) (3-5) that
are within error of their (U-ThyHe ages for all but
two meteorites (6). They entirely lack shock, post-
cooling brecciation, and parent-body weathering
textures (7-12), which makes them among the
best preserved materials known from the early
solar system. Angrites may therefore record two

d. tal field h postu-
lated to exist in the early solar system: stellar and
circumstellar disk fields extemal to the angrite
parent body (APB) and an intemnal core dynamo
on the APB.

Here we present a paleomagnetic investiga-
tion of 3 of the 12 known angrites: dos
Reis, D'Orbigny, and Asuka (A) -881371. We
found that the angrites Northwest Africa (NWA)
2999 and NWA 4801 have been substantially
remagnetized by collectors’ hand magnets (as
indicated by communication with previous own-
ers of the samples and moments near saturation),
whereas NWA 4931 has been heavily weathered

"Dep: tof Earth, ic, and Manetary Sciences,

many cases, reset their
magnem:ﬁ:ldsmnbegmuamdbylaxg:unpaﬂs
(2), the fields recorded on these bodies also may not
have been generated intemally.

An exception is the angrites, a group of twelve
basaltic achondrites from an as yet unidentified

Massachusetts Institute of Technology, 54-814, 77 Massa-
chusefts Avenue, Cambridge, M4 02139, USA. “Depariment
af Physics, University of Toronta, 60 St. George Street,
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since arrival on Earth. Most of the remaining six
angrites are either hot desert meteorites (probably
subjected to weathering and magnet remagneti-
zation) or not readily available to the scientific
community.

Nearly all angrites contain several primary
ferromagnetic minerals: low-Ti magnetite (13),

[typical ition of 71 to 77
mole percent (mol %) ulvéspinel, with 17 to 21
mol % iic] (14), and rarer kamacite (typi-

cally Fe g5Nigos, except for D'Orbigny, which
reportedly contains FeNiy) and pyrrhotite (7, 14).
Our thermomagnetic, hysteresis, and other rock
magnetic data [see the supporting online material
(SOM)] indicate that the dominant ferromagnetic
mineral in D’Orbigny and A-881371 is pseudo—
single domain, low-Ti magnetite. Angra dos Reis
contains two pseudo-single domain ferromag-
netic minerals, one of which is probably low-Ti
magnetite and the other a higher coercivity phase
(either sulfide or metal). None of these meteorites
exhibits a Verwey transition (see SOM), indicat-
ing that the magnetite is not stoichiometric and
that any effects from inverse thermoremanent
magnetization (ITRM) processes (/5) must be
modest [in any case, the high blocking coercivity
of the natural remanent magnetization (NRM) in
these meteorites implies that ITRM cannot be a
major contributor]. Furthermore, none of these
angrites comtain appreciable quantities of ferro-

magnetic weathering minerals (see SOM). Angra
dos Reis is particularly pristine because it was
quickly recovered after it rel.l on Earth (8, 16).
The well-und od magnetic prop of mag-
netite mean that, relative to most other meteorites,

unidirectional across all mutually oriented interi-
or subsamples (fig. S1), consistent with a primary
thermoremanence. Subsamples at > 8cm of
depth had only a moderate LC overprint varying
in intensity between that expected for a terrestrial

angrites are very-high-fidelity magn 1
D'Orhigny is a pristine vesicular basalt con-
taining undevitrified igneous glass (7). It is
among the oldest known angrites, with final cool-
ing ages only ~3 to 4 My younger than calcium-
and aluminum-rich inclusions (CAls) and the
origin of the solar system (3, 4, /7). D"Orbigny’s
large size afforded us the opportunity to acquire
samples ranging from the fusion crust to the cen-
ter {150 mm deep) to identify preterrestrial rema-
nence. Altemating field (AF) demagnetization,
rock magnetic, and paleointensity studies of mu-
tually oriented subsamples revealed that much of
the exterior ~1 mm of the meteorite has been
completely remagnetized by the collector’s mag-
net {see SOM). Subsamples at 12 to 30 mm of
depth had two main compenents of magnetiza-
tion: (i) a nonunidirectional, near saturation, low-
coercivity (LC) component from the collector’s
‘magnet (typically hlocked up to ~5 to 10 mT) and
(if) a high-coercivity (HC) component (blocked
up 1o at least ~40 to >290 mT, depending on the
subsamp].e) with a ratio of NRM to saturation

(RM) <1%.

viscous magnetization and a low-field
(<7 mT) IRM (Fig. 1A and fig. S2). Paleointen-
sity experiments (/§) on HC components from
nine subsamples gave paleofield values of 17+ 6
WT after normalizing to anhysteretic remanent
‘magnetization (ARM) acquired in 50, 200, and
600 uT dc bias fields and 15 + 5 uT after
normalizing to [RM (uncertainties are SDs of

values for nine subsamples) (table S3).
A-881371 isa fine-grained ophitic basalt with
olivine megacrysts (13) and is nearly the same
age as D'Orbigny (5). AF demagnetization of a
single 66-mg graim from the interior of this tiny
meteorite (=5 mm from nearest fusion crust)
revealed a LC component up to 7.2 mT (Fig. 1B
and fig. S3A). Our magnetic viscosity experi-
ments indicate that this component is almost cer-
tainly a viscous remanent magnetization acquired
during residence on Earth (sec SOM). A weaker
HC magnetization is present up to ai least 150
mT but dees not notably decay in intensity
during AF demagmetization due to the relatively
high ARM noise from our AF system. AF de-
ion of a laboratory ARM acquired ina

The HC component trended to the origin and was

74T de bias field (chosen to yield a similar pa-

A N,U (x10%Am?) B NU (x107°Am?) C NU (x10°Am?)
AF 72.6-81.4 mT AF36mT
P g PR AF 66T ARIBESER 1
oy AF 188257 "—a m NRM 20 NRM
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1.0
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i .g N AF 290 mT
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3| NAM g 5 =) 0.2 8
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Fig. 1. NRM of angrites. A two-dimensional projection of the endpoint of
the NRM vector during AF demagnemmon is shown. Closed and open
symbols rep| end points of mag projected onto horizontal

dANG = 6° (calculated by anchoring to the AF 6.6-mT direction), which is
less than the fit's uncertainty, represented as the maximum angular
iation (MAD) = 29.5°, consistent with the HC companent trending to the

N-S-E-W and vertical U-D-E-W planes, respectively. Peak fields for selected

origin. (B} A-881371 mterlor sample ,63. Two main components are visible: (i) a

AF demagnetization steps are labeled. One or two main comp are
visible: (i) sometimes a LC component (blue arrow) and (ji} always a HC
component (red arrow). (A} D'Orbigny interior (~8 cm depth) sample F1.
To reduce spurious ARM noise, steps from AF 7.2 to 8.4 mT were averaged
over three consecutive steps, and steps from AF 9.0 to 83.6 mT were
averaged over five consecutive steps. A least-squares fit to all HC steps
without averaging from AF 6.6- to 50.6-mT deviates from the origin by
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LC direction given by blue arrow) and (i} a HC
component ﬁenuﬁed as an offset of the mean direction above AF 9.0 mT from
the origin. High-AF directions are averages of multiple AF steps (compare with
fig. S3A). (C) Angra dos Reis interior sample AMC-16. A least-squares fit to all HC
steps without averaging from AF 18 to 74.8 mT gives dANG = 4.5° (anchored to
the AF 18-mT direction), which is less than the fit's mean MAD = 5.7°, consistent
with the HC compenent trending to the origin.
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leointensity as that of the NRM) exhibits the
same high AF-related noise (fig. S3B). If we
assume this is the characteristic magnetization,
then we obtain palecintensities of ~3 to 8 uT
{ARM method) and ~2 uT (IRM method) (fig.
83, C and D, and table §3}). D’Orbigny’s and
A-B81371’s great age, excellent preservation state,
and nearly instamtaneous (10 to 50°C hour ')
primary igneous cooling rates (19) indicate that
their HC magnetization is a truly ancient thermo-
remanence {24).

The coarse-grained younger angrite Angra
dos Reis (Pb/Pb age of 4557.7 £ 0.1 Ma) (3) also
has a preterrestrial magnetization acquired in a
similarly substantial magnetic field. Our AF analy-
ses of mutually orented subsamples from a chip
of Angra dos Reis from the American Museum
of Natural History (AMNH) traversing the fusion
crust 1o the interior revealed a unidirectional
magnetization in the interior. Subsamples from
within 2.7 mm of the fusion crust have directions
divergent from (coincidentally nearly antipodal
to) the interior and Earth-strength paleointensi-
ties. This is consistent with the outer few milli-
meters having been baked by atmospheric passage

3
AMCE(1.3)

270

Fig. 2. Fusion-crust baked contact test on Angra
dos Reis parent sample AMNH. HC magnetization
directions of mutually oriented subsamples rang-
ing from the fusion-crusted exterior to the interior
are shown and plotted on an equal-area projec-
tion. Closed and open symbols represent projec-
tions of vector directions onto the lower and upper
hemisphere, respectively. Ellipses give estimated
orientation uncertainty (either MAD of least-
squares fit or estimated sample positioning uncer-
tainty, whichever is larger). Distance from fusion
crust in millimeters is listed next to each sample.
Only sample AMCS contains fusion crust. The seven
remaining samples are from the interior, with
AMC8 and AMC10 apparently baked by atmo-
spheric passage. Fisher mean direction (gray star)
and associated 95% uncertainty confidence esti-
mate (ags = 10.7°) are shown for interior subsam-
ples. The shallow depth of divergent magnetization
directions (<3 mm) and the fact that measured
samples have NRM/IRM < 1% throughout their full
coercivity range indicate that the exterior has been

gnetized by pheric passage
rather than isothermally remagnetized by a magnet.

and indicates that the magnetizaton in the un-
‘baked interior is preterrestrial (Fig. 2). This in-
terior magnetization consisted of a HC primary

ization component {extending from 15.8 to
>290 mT) trending to the origin (Fig. 1C), usually
overprinted by a weak LC component that is
probably a terrestrial VRM (see SOM). AF
demagnetization of five mutually oriented sub-
samples of a second chip of Angra dos Reis taken
from the interior (=6 mm from the nearest fusion
crust) of the main mass in Museu Nacional, Brazl
(MNB) revealed an imense LC overprint from
previous sample handling and a unidirectional HC
component trending to the origin interpreted as a
primary thermoremanence (fig. S1). Two addi-
tional subsamples on the opposite side of the chip
were nearly fully overprinted by the high intensity
component and did not yield primary remanence.
Paleointensity experiments on the HC component
for seven subsamples from both the AMNH and
MNB samples gave mean values and SDs of 17 =
11 uT (ARM method) and 19 + 9 uT (IRM
method) (table §3).

Three angrites record magnetic fields on the
order of 10 uT on the APB extending from at
least 45644 + 0.1 (PhPb age of the oldest
angrite, D"Orbigny) 1o 24557.7 + 0.1 Ma (Pb/Pb
age of the youngest smudied angrite, Angra dos
Reis) (Fig. 3). Our fusion-crust baked contact test
on Angra dos Reis and unidirectional magneti-
zation trending 1o the origin observed in the in-
teriors of Angra dos Reis and D’Orbigny (with
Angra dos Reis having an especially low-noise
signal) are collectively strongly indicative of pri-
mary thermoremanence. The implied paleointen-
sities are ~20% of Earth’s field today and far
larger than that of the galactic field, solar wind,
Mercury’s present surface field, and the expected
time-averaged fields of the T Tauri Sun outside
0.2 astronomical units (AUs) (Fig. 3). Angrite

Fig. 3. Summary of paleo- 160

intensity estimates for an-

grites. Each point is derived

from the HC magnetization

in a single subsample. Cir-

cles, D'Orbigny; triangles,

A-881371; squares, Angra 0
dos Reis (with approximate
magnetization age labeled
next to each meteorite). Solid
symbols, IRM method; open
symbols, ARM method using
50T bias field. Mean paleo-
intensities from IRM and ARM
methods are given by thick
black and gray lines. For com-
parison, the surface fields of
Earth and Mercury, the solar
wind field at Earth's orbit (1 AU
from the sun), the galactic field,

Paleointensity [microteslas)

D'Orbigny (~4564 Ma)
o @

solar wind at 1 AU (several nT)

REPORTS I

HC magnetization is highly unlikely to be the
product of nebular lightning (27), which cannot
produce the observed low NRM/IRM values. On
the other hand, the paleointensities are within the
range expected for the disk dynamo excited by
‘magnetorotational instabilities (22), T Taur flares
at ~0.2 AUs, magnetic fields generated by large
impacts (2), strong crustal ferromagnetic anom-
alies, and a core dynamo. However, our data
indicate that the paleofields on the APB lasted for
at least 10 My after CAls, bevond the likely
lifetime of a circumstellar disk dynamo (23). The
absence of shock textures in angrites means that
it is highly unlikely that the HC magnetization,
which is blocked to coercivities 290 mT in
Angra dos Reis, can be a shock remanence
created in an impact-generated field (24). Addi-
tionally, the slow cooling rates of the coarse-
grained angrites like Angra dos Reis (25, 26)
‘mean that they would have acquired their thermo-
remanence over a period of thousands to millions
of years, far longer than the expected lifetime of
any impact-generated fields [which last just ~1
day, even for basin-scale impacts on a Moon-
sized body (27)] or T Tauri flares [lifetimes of
several hours (28)]. Such slow cooling rates also
make it highly unlikely that these angrites could
have been magnetized by the spatially complex
fields expected from magnetorotational instabil-
ities while situated on the translating, spinning
APB. Crustal field sources could potentially ac-
count for angrite magnetization, but such strong
crustal fields would probably demand a core dy-
namo for their formation.

This reasoning implies that the source of
these fields was intemal, most likely a convecting
metallic core and dynamo. Angrites contain geo-
chemical evidence for the formation of an Fe-Ni
core with a mass ~8 to 60% of the APB (7, 29) by
4 My after CAls (4, 30), possibly coincident with

Angra du!di!!(-diiﬁ Ma)

B MBldisk dynemo
impact feids
core dyname

golactic fieid {~ 0.5 nT) Gsckieny

and the inferred paleofields of the typical T Tauri sun and short-lived flares at 0.2 AUs are also shown. A
magnetorotational instability (MRI) protoplanetary disk dynamo, impact plasma-generated fields, and core
dynames can produce palecintensities over a wide range of values, including values consistent with angrites.
An estimate of the uncertainty range for an individual angrite palecintensity datum (primarily because of
uncertainty in the ratio of ARM and IRM to thermoremanence) is shown at right.
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" ~ Meteoritical Society Meeting, abstract 509 (2005},
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s . palevintensity experiments. Although thermal
bility of dynamo g on an early pl L intensities are in principle the mast accurate, our
(A) Calculated outward heat flux from the surface of a model early planetesimal. The body is thermomagnetic data {fig. $9) suggest that the
assumed to have a convecting magma ocean overlying a liquid Fe-Ni core and to be losing heat meteorites would probably alter during such experiments,
radiatively to space through a stagnant, conducting crustal lid (see SOM). The estimated power per ::ﬁdl m:lld compromise their efficacy while destroying
unit surface area as a function of time after formation of the magma ocean [which is estimated to eSS
occur one to several My after accretion, see (32)] is shown. Calculations were conducted for bodies Lgﬂi:::: ;ﬂ!:’gi’;';‘,?ﬂ: p ;:Ei:"; :;; ?:;gﬂ""“""
of radius 500 km (solid red lines), 200 km (dashed blue lines), and 70 km (dotted green lines) and 25 These 25t coolig rates mean that the PhiPb mm}mh
for a variety of crustal thicknesses (numbers give thickness in kilometers). The dashed curves are provide a good estimate of the time by which the
terminated at the time when the magma ocean temperature drops below 850°C. Bold lines (all meteorites first cooled to ambient temperatures. Fast
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size. Solid black squares indicate a supercritical magnetic Reynolds number and a planet surface
field =20 uT (see SOM). Squares with lower left half in black indicate a surface field >20 uT, but a
subcritical magnetic Reynolds number. The dashed line indicates the approximate boundary of

angrite-like dynamo conditions.

an early magma ocean (3f). Numerical modeling
indicates that planctesimals will achieve >50
weight % melting and probably produce magma
oceans if they accrete within ~1.3 My of CAls
and have radif exceeding ~20 km (32). On such
bodies, it is conceivable that a metallic core
would form quickly, setting the stage for an early,
short-lived dynameo. We conducted two simple
analytic calcul 1o assess this possibility (see
SOM). Following (32), we assumed the core and
silicate mantle of the body were initially molten
and convecting beneath a solid conductive outer
crust as a result of early internal heating by 2°Al
decay. We found that for bodies with radit of 70
to 500 km and a wide range of crustal thick-
nesses, the heat flux out of the core is superadia-
batic, a likely requirement for dynamo production
(33) for periods lasting for several to several tens
of million years afler the end of major *°Al heat-
ing (Fig. 4A). The main factor that terminates this
early phase of superadiabatic heat flow is the
progressive crystallization of the magma ocean:
When the ocean temperature reaches ~850°C, we
estimate that the ratio of crystals to liquid will be
sufficiently high that convection will cease.
Second, we investigaied the possibility that
such bodies could produce a self-sustaining core
dynamo and swface magnetic fields like that
recorded in angrites (see SOM). Using various
estimates of core convective velocities based on
different scaling laws, we found that bodies with
radii exceeding ~80 km and a wide range of spin
rates, intemal density distributions, and core sizes
[including possibly ancient Mercury (34)] can
have supercritical magnetic Reynolds numbers

and produce surface fields exceeding 20 uT (Fig.
4B). These calculations are illustrative of the fea-
sibility (perhaps even inevitability) of early plan-
etesimal dynamos.

Magnetization in angrites pre-dates that in
howardit ite-diopeni ites (thought
10 be from the asteroid Vesta) (35) and lunar (36),
‘martian (37), and terrestrial rocks (38) by ~100 to
1000 My. Our paleomagnetic data are a unique
geophysical contribution to a growing body of
geochemical evidence indicating that planets and
large planetesimals formed metallic cores within
just a few million years after CAls. [f the APB is
representative of these quickly formed bodies,
short-lived planetesimal core dynamos may have
been a widespread process in the early solar
system.
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The Role of Impulse on the
Initiation of Particle Movement
Under Turbulent Flow Conditions

Panayiotis Diplas,™* Clint L. Dancey,® Ahmet ©. Celik,* Manousos Valyrakis,

Krista Greer,'t Tanju Akar

Fundamental to our understanding of erosional and transport phenomena in earth-surface
dynamics and engineering is knowledge of the conditions under which sediment motion will begin
when subjected to turbulent flow. The onset criterion currently in use emphasizes the
time-averaged boundary shear stress and therefore is incapable of accounting for the fluctuating

forces encountered in turbulent flows. We have

lidated through lab ry and

analytical formulation of the preblem a criterion based upon the impulse imparted to a sediment
grain. We demonstrate that in addition to the magnitude of the instantaneous turbulent forces
applied on a sediment grain, the duration of these turbulent forces is also important in
determining the sediment grain’s threshold of motion, and that their product, or impulse, is better

suited for specifying such conditions.

he global amount of sediment delivered

annually by rivers to the oceans is approx-

imately 20 billion metric tons (/), where-
as the overall erosion of the continental surface
of the earth via the action of water and wind is
estimated to be several times that amount (2).
Shoreline retreat and stream migration have major
impacts on humans and infrastructure. Despite
the long smdy of gmmm‘phalngy and the ef-
forts in engineering, the precise determination
of a criterion that identifies the flow conditions
responsible for the erosion of a soil boundary
remains elusive. Shields (3) was the first to pro-
pose a quantitative criterion based on the time-
(and spatially) averaged boundary shear stress.
This criterion has remained the standard method
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Fig. 1. Representative streamwise oar
velodity « time series. This velodity
record was obtained in flume exper-
iments with a laser Doppler velocim- 03
eter (LDV). The error in the velocty
measurements s +1.5%. The LDV
measurement volume was located
one diameter upstream of the target
grain along its centerline. A separate
laser-based tracking system was used o1k
to detect the instants of particle en-
trainment (13). Several velocity seg-
ments were spliced together for this
illustration. The test particle entrain-
ment instants are shown with dashed
vertical arrows.
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for describing threshold conditions of mabile
sediment for more than 70 years, even though
results from laboratory and field studies have
shown more than an order of magnitude of
variability in the value of this criterion for a hy-
draulically rough boundary (#). Although there
are a number of possible explanations for the
poor predictive ability of this threshold criterion,
such as the variability of particle size and shape,
the wide range of values also suggests that Shields
criterion does not properly capture turbulent
flow processes and their fluctuating nature,
which is responsible for particle entrainment.
Many researchers, in an effort to overcome the
limitations of the time-averaged wall shear stress
approach, have explored and advocated the im-
portant role that peak turbulent-velocity values
and the resulting hydrodynamic forces play on
particle dislodgement, particularly for flow con-
ditions near the threshold of movement (5-12).
Despite these efforts, the actual physical pro-
cesses responsible for grain entrainment and the
accurate prediction of the initiation of move-
ment are not well understood.

Initially, we performed laboratory flume ex-
periments to examine the role of turbulent fluc-

Ay

4
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tuations on particle movement under incipient
flow conditions by using 12.7-mm Teflon spheres
Details about the experiments are available in
(13). We found that although all sediment move-
ments coincided with high local instantaneous-
velocity values, well above the mean value, very
few resulted in particle movement. In Fig. 1, the
streamwise velocity measured directly upstream
of a mobile particle is displayed with an em-
phasis on seven separate extreme-velocity fluc-
tuation events, labeled A to G. Though events
A, C, and G have maximum velocities that are
similar to those of events B, D, E, and F (ap-
proximaely twice the mean), only the latter ones
resulted in grain dislodgment. Thus, we con-
clude that peak values in the fluctuating velocity
record indicate a necessary but not sufficient con-
dition for particle dislodgement The complete
data record reveals that the majority of the events
last over such a short period of time (milliseconds
or tens of milliseconds) that, even though they
may impart adequate force to move a particle
within its pocket, they do not last sufficiently
long to accomplish dislodgement. This is evi-
dent in Fig. 1 when comparing the duration of the
peaks of events A, C, and G (28, 14, and 20 ms,
respectively) with those of B, D, E, and F (93, 57,
60, and 48 ms, respectively). We therefore hy-
pothesize that besides force magnitude, duration
should also be considered in identifying the
threshold of motion conditions. Impulse, which
accounts for both aspects of force application, is
proposed as the parameter suitable for determin-
ing particle movement.

In naturally occurring flows, variability of
grains and their local arrangement will affect the
hydrodynamic and resistive forces. In addition,
for turbulent flow, the net hydrodynamic force,
which represents the summation of the lift and
drag contributions, will vary in time, magnitude,
and direction. The complexities associated with
grain and flow-field variability were removed
to reduce the phenomenon to its essential features
({including appropriate sediment bed character-
istics, such as bed-pocket geometry, resistive
forces, and the short duration forces that ini-
tiate motion) under well-controlled experimen-
tal conditions. We considered the dislodgement

' i
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of a spherical particle under the two limiting
conditions: pure drag and pure lift. The former
was accomplished experimentally by using an
electromagnet 1o apply forces of specified am-
plitude and duration. The latter was investigated
theoretically with a simple but realistic mathe-
matical model. Results from laboratory flume
experiments were used to further evaluate the
hypothesis.

A mobile steel sphere resting on a bed of
Teflon spheres, representative of a particle fully
exposed to turbulent flow conditions, was used
together with an electromagnet to investigate
the combinations of drag force de F,
and duration Tp, which barely lead to full
dislodgment (Fig. 2). The preferred mode of

particle movement under these conditions is
rolling, consistent with cbservations made in
the field for rounded or semirounded particles
subjected to near-threshold conditions (14-17).
The drag force was induced with the ap-
plication of a top-hat pulse having a voltage V'
to the electromagnet: Fi, = CF* where Cisa
characteristic of the experimental setup and
the properties of the electromagnet, which is

The results (Fig. 2) were used to delineate the
relationship between normalized force Fp =
A5 = - and nonmalized duration T = 72,
where Ty, is the duration required to dislodge
the sphere at the minimum measurable applied
force Fpu with comesponding voltage Vi,
Given the least-squares regression equation and
the coefficient of determination R* = 096, this

constant for a given arrang t. Many  relationshi
combinations of Vand Tp, were investigated
for each of the particle 2 ts tested  Combis

ship is well rep by Fp=1/Tn,
where 7 =1 is the nommalized critical impulse.
of Fp and T, that fall below the

(for a total of 328 separate experiments) in
order to identify the minimum impulse values
necessary to dislodge the steel ball from its
pocket (13).

Eloctmmagnet
2 r dy(mm)|dmm)|  Mobile
4 . 8 8 particle: d,
16 | . T [
A 4 4
8 i Base
12 6 8 particles: d;
= 4 6 :
(=
8r Fp = 0.96Tp" "
4+ T
Terbdad L LY Py
0 L L "
0 0.2 04 06 0.8 1 12
T
Fig. 2. Plot of the applied elec ic force Fp = ;‘f— versus the normalized duration

To= %M“: at the threshold of motion from six particle mnfiguraﬁun?(data obtained from 328 tests).
Errors in V° and T, are +1.5% and +3.6%, respectively; for T values higher than 6 ms, which
represent the vast majority of the tests, the error is smaller than +3.6%. (Inset) Experimental setup
phote showing the grain geometry and the electromagnet (right), and table indicating the various size
combinations of magnetic test particle and base particles for the six arrangements considered in this

study (left).

Fig. 3. Plot of the nor-
malized lift force £, versus
the normalized duration
7, necessary to achieve §
vertical dislodgment, ob-
tained from the theoretical
lift analysis. (inset) Driving
and resisting forces act-
ing upon a mobile sphere 4
within a bed of
identical spheres, all at
the same level and subject 2
to vertical dislodgement
(left), and demonstration
of the lift-force pulse of
magnitude £ and dura-
tion T, (right).
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hyperbola are isufficient to cause full dis-
lodgment of the sphere, whereas combinations
above the curve result in dislodgment. Both of
these assertions were verified through a large
number of additional electromagnet experiments
using the particle arrangements shown i the
inset of Fig. 2. Assuming that each force applied
by the electromagnet simulates in a rather
simplified way an energetic turbulent event,
Fig. 2 implies that the impulse potential of a
turbulent stream is relevant to sediment en-
traimment and bed erosion. Given the wide
range of force-magnitude values that are capable
of barely dislodging the steel ball out of its
pocket (Fig. 2) even under idealized conditions,
the present results are consistent with the scatter
in critical Shields stress values (4).

In contrast to a fully exposed particle, if a
grain is imbedded in the uppermost surface of
the sediment bed (Fig. 3) or slightly protruding
into the turbulent flow, vertical movement rep-
tesents the initial phase of dislodgment, when
the streamwise drag force is ineffective and pure
lift is most relevant. Using an approach similar
1o the electromagnet experiments, the sphere was
subjected to a Lft-force top-hat pulse of mag-
nitude Fy and duration 77 necessary to lift the
sphere 10 a specified elevation zp,. typically
one- to two-grain diameters. This pulse can be
represented by Fy [H(1)— H{t— T.)), shown as
an mset m Fig. 3, where f(f) is the Heaviside
function defined by

1 (>0
Hm’{o t<0
and so
<
FL[Hm—Hu—rL)]:{ﬁL e

The resulting equation describing the purely
vertical motion of a mobile grain is then

AH@-He- T -
(n

In Eq. 1, ¥ is the particle volume, p; is the
solid-grain density, pg is the fluid density, Cy,
is the added mass coefficient (18), z is the ele-
vation of the particle’s center of mass above its
initial location at time ¢, and g is the gravitational

¥ip, + P{Cm)%
¥ips —polg
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acceleration. Equation 1 is solved analytically to
obtain the vertical height z(f) at any time r > Ty :

2
B
t
: ; )

Equation 2 describes the decelerating phase
of the particle motion after the application of the
lift force has ceased (for ¢ > T1). The critical
condition for full particle dislodgment is defined
here by a specified vertical displacement, zx.
Using the time parameter f;; — ﬂ’ﬂg‘ﬂ, which

may be interpreted as a characteristic free-fall
time for the sphere, and the particle submerged
weight W, 10 normalize the time variables
(. Ty) and lifi force respectively, yields (to

(P —pplet®
2{p, + ¢ Crm)

Fi

A= Wan

achieve z = zp)
Ps — P 1)
1=t 1- = 3
P+ PG ( Fu @

with 7, and Ty (lfi-force magnitude and du-
ration, respectively) in nomalized form. Equa-
tion 3 represents the threshold condition for
vertical dislodgement and is plotted in Fig. 3.
Consistent with the impulse concept, the critical
lifi-force magnitude necessary for initiating the
particle dislodgement increases with decreas-
ing duration. For the limiting case of critical
conditions obtained by applying forces much

Fig. 4. Flume-bed arrangement A
and experimental results. (A) De-
tailed drawing of the pocket geom-
etry and the mobile test particle on
the flume bed. {B) A fraction of typ-
ical photodetector output. Exam-
ples of both rocking (left peak),
and rolling (right peak} of the test
particle are shown. (C} Correspond-
ing f; — u? combinations of the
events. Particle entrainment events
are displayed with solid circles; open
drcles indicate flow events that did

not result in particle dislodgement. The scatter of the data around the demarcation line KL is
indicative of the difficulties in accurately calculating the relevant flow parameters.

Top view of the
pocket geometry

4% layer (

3 Jayer

greater than the submerged particle weight over
very short durations, which are the conditions
typically encountered in wurbulent flows when
saltation is the prevalent mode of entrainment
(14), the normalized impulse [ approaches an
asympiotic value,

To explore our hypothesis further, we used
laboratory flume experiments to study the in-
teraction between turbulent channe! flow and
a mobile grain. Movement of a fully exposed
12.7-mm Teflon sphere (Fig. 4A) was detected
with a He-Ne laser system simultaneously with
the local flow velocity, which was obtained with
a laser Doppler velocimeter (/3). The hydraulic
conditions were near threshold for the mobile
test particle, and we observed that rolling was
the mode of entrainment, in agreement with
prior studies (/4-17) and the electromagnet
experiments.

A portion of the He-Ne detection system out-
put that shows slight movement of the grain,
as well as a complete dislodgment, is provided
in Fig. 4B. The entire 30-min photodetector
record was analyzed, and the times identified
with full grain dislodgment were encoded within
the corresponding flow-velocity record. This
data series was further analyzed assuming that
the form drag Fp, was the dominant hydrody-
namic force acting on a test particle. The instan-
taneous drag force acting on the particle was
estimated from the instantaneous local velocity
‘measurements k¢, considering Fp, ©¢ W {19, 20).

s

3 (=
C@)
LDV measurement

]'hmo-dciccwr output (Volt)
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A moment halance approach was used to
determine the minimum level of #’necessary
for moving the submerged grain (1 i) (21).
All events with 1® > w’ o were specified in
the velocity record together with their times of
occurrence and durations (T, duration over
which 17 > fml) In addition, time-averaged
1 values ( 1) were computed for each such
event, representative of the average drag force
(Fpy). That is, each event for which nziinzm‘
has associated with it a pair of values ( &%, T})
that represent { Fr;, 70). The impulse associated
with any event is f; ©= »% T, The results are
shown in Fig. 4C, where (1, 1?;) combinations
are plotted for all 1465 events for which «; >
1y, including 65 events associated with
particle entrainment.

The Fig. 4C plot demonstrates that Fy, >
Fpea alone is not sufficient to predict grain
dislodgment. Only particular combinations of
{ Fi, T;) with sufficient impulse 7; yield grain
dislodgment; that is, a critical set of { Fr;, T})
values distinguish grain movement from no
‘movement based upon the impulse they impart.
Contrary to controlled pulses applied during the
electromagnet  experiments, turbulent channe!
flow naturally contains flow structures with the
potential to apply a wide range of impulse levels
to the mobile particle, above and below a critical
value (Fig. 4C). The demarcation line KL sep-
arating movement from no movement in Fig,
4C is characterized by nearly constant impulse

0.012 4

=1 (m/g)

8

0.08

0.1

- .
u” (m°/s%)
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values but widely ranging force magnitudes,
which shows the relevance of impulse o grain
entrainment.

Our experimental and theoretical analyses
support the hypothesis that impulse rather than
force is the relevant parameter for the incipient
motion of mobile sediment under the two limit-
ing conditions of pure drag and pure lift Be-
cause impulse represents the criterion for particle

impulse and their frequency will need to be
properly parameterized as well.
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Molecular Confinement Accelerates
Deformation of Entangled Polymers
During Squeeze Flow

Harry D. Rowland," William P. King,' John B. Pethica,® Graham L. W. Cross®*

The squeezing of polymers in narrow gaps is important for the dynamics of nanostructure
fabrication by nanoimprint embossing and the operation of polymer boundary lubricants. We
measured stress versus strain behavior while squeezing entangled polystyrene films to large strains.
In confined conditions where films were prepared to a thickness less than the size of the bulk
macromolecule, resistance to deformation was markedly reduced for both solid-glass forging and
liquid-melt molding. For melt flow, we further observed a complete inversion of conventional
polymer viscosity scaling with molecular weight. Our results show that squeeze flow is accelerated
at small scales by an unexpected influence of film thickness in polymer materials.

in manufacturing because they combine

favorable, tunable properties with ease and
economy of production and processing. Nano-
imprint lithography (NIL) (/) exploits nanometer-
scale polymer flow to form pattems during the
manufacture of semiconductor devices, organic
electronics, and optics (2, 3). During NIL, a rigid,
patiemed die squeezes a supporied polymer thin
film at dimensions that are comparable to the size
of the polymer molecule. The squeeze flow be-
tween protruding die regions and the supporting
substrate governs the dynamics of NIL (4-6).
Filling of the die requires large-strain lateral flow
of polymer through gaps that approach a few
nanometers in size as cavities progressively fill
(3, 7, 8). The polymer properties, the film thick-

Pn}ymm’c materials have become common
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ness, and the distribution of cavity sizes and shapes
affect the processing conditions required for NIL
and ultimate replication fidelity.

The dynamics of amorphous polymer systems
with long, flexible molecular chains are governed
by a spectrum of relaxation time scales linked to
available modes of motion, constrained by dy-
namic networks of entanglements. Near a wall,
the behavior becomes more complex as symme-
tries are broken by geometric constraints and
interaction with the wall surface. The segmental
and whole-chain motion that govemns these inter-
facial chain dynamics is not well understood. In
the case of segmental motion, experiments with
high spatial resolution normal to the plane of the
film have revealed both enhanced segmental mo-
bility (9) and reduced segmental mobility at sur-
faces (10). Conflicting experimental evidence also
exists in the case of whole-chain motion; viscous-
melt thinning (71) and thin-film stretching (72)
suggest enhanced whole-chain motion, whereas
suppressed diffusion (1 3) suggests reduced whole-
chain motion,

‘We used a nanometer-scale indentation tech-
nique (/4) to show how both dimensional reduc-
tion and molecular confinement affect polymer
mechanics during NIL while forming temper-
ature and molecule size are varied. Nearly all
investigations of nanometer-scale polymer me-
chanical behavior have been at zero strain or
small strain. In contrast, NIL squeeze flow fea-
tures a large hydrostatic pressure, rapid shearing,
extremely large strains, and unknown wall inter-
actions. Even macroscopically, squeeze flow
‘measurements involve transient, inhomogeneous
flow with nontrivial, evolving boundary condi-
tions (15). Nonetheless, by careful control of initial
conditions, boundary conditions, and deformation
history, there emerges a consistent and repro-
ducible alteration of stress-strain squeeze flow
tesponse with dimensional and macromolecular
confinement.

Figure | shows the experimental approach,
which allows high-resolution measurement of
stress and strain during polymer squeeze flow
over a broad range of temperature, strain, and
loading conditions (/6). A flat-punch nanoindenter
performed large-strain squeeze flow indentation
on three thicknesses (H) of monodisperse poly-
styrene (PS) films—170 nm, 80 nm, and 36 nim—
prepared with weight-average molecular weights
(M) of 44 KD, 900 kD, and 9000 kD. Measure-
ments were performed above and below the bulk
glass transition temperature T, (100°C) at tem-
peratures of 20° to 125°C (a representative mea-
surement set is shown in Fig. 1C). Linear loading
ramps ensured repeatable experimental conditions
similar to NIL practice.

To ensure a formal similarity of flow field
geometry, we dimensionally scaled the squeezed
volumes such that the dic diameter was always
10 times the initial film thickness. The isothermal
testing conditions produced either glassy or melt-
like conditions. The die surface roughness and
contact misalignment were less than 2 nm, pro-
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viding near-ideal squeeze flow between flat, par-
allel plates (14).

Several key features are apparent in the mea-
sured stress-strain curves (Fig. 1, C and D). Atlow
strain, an elastic contact modulus was defined
from the largely recoverable, linear slope defor-
mation (/6, 17). Beyond this point, a distinct and
characteristic step-like feature appears in the curve.
The leading edge of the step signals a ransition
from recoverable (elastic) to irrecoverable plastic

strain (17), which we associate with plastic yield
of a glassy form of the thin-film polymer. We label
the measured value of stress at this transition point
the forming stress.

In entangled polystyrene, film thickness affects
7, at about 100 i (78) with a 5°C depression at
36 nm (/9) and affects elastic modulus at around
30 10 40 nm (207). We found that initial film thick-
ness affects squeeze flow stress-strain response in
various ways. Where glass-like characteristics

REPORTS I

appeared at low strain, they were similar for the
170-nm and 80-nm films over all tested conditions.
However, the 36-nm films exhibited a pronounced
increase in compliance on the order of 40% for
contact modulus and decrease in strength with a
30% reduction of forming stress. This occurred
over two decades of A, and temperatures of 20°
and 80°C; it is shown explicitly (Fig. 2A) for 80°C
in comparative stress-strain curves and summa-
rized for our full data set in Fig. 2B (contact

Fig. 1. (A) Flat-punch silicon dies, A& Cc . nfﬂniﬂ“ﬂnﬂ Strain lP\Hi'H) -
with 10:1 aspect ratio of punch di- p &3 s
ameter to initial film thickness, 15 ::o:knn oy = e
emboss thin PS films supported Iindenter Motion 16 1700m s, s : & {800
by silicon. (B) Scanning electron l 1 14 : .o I™
micrographs of the three flat-punch 12 T e e
silicon dies used in this work (Giam-  Heater —= 20 w0 §
eters 1600, 800, and 330 nm) and Si sphere —s- E 08 400 5
atomic force microscopy scans of 06 300
imprints into 9000-kD polystyrene B00 P FLungh=e 04 200 E
(PS) films of 170, 80, and 36 nm, Polystyrene " o3 %
ey @ peeraverar 3 oo [ oo} :
ily of stress-strain measurements ~ Heater . N 10 o T
recorded above and below nominal Displacoment (nm)
bulk 7,, at a linear loading ramp of
12.5 MPals with the 1600-1m die D=1600nm D =800nm D =330 nm soo0f . P i
on a 9000-D, 170-nm S film. (D} H + “Constant
Features of the stress-strain curve awol : Load Creep)
used to extract modulus, forming :
stress, and plastic strain. w0}l ;
o - .
200 : :
5 .meinﬂ Stress
100l :
> c:mhcmmnm :
$0 010203040505 07 0805 10
H=1 ru nm Engineering Strain (4H1H)
Fig. 2. (A) Effects of film thickness A B S A Cc
and molecular confinement shown ex- 500 | 12.6 MPa/sec 4
plicitly for squeeze flow stress-strain 80°C E T T
curves collected using a 12.5 MPa/s 00} i W 100 B e
load ramp at 80°C. Data are shown for ~ — Dol &7 Thick Film
170-nm and 36-nm films of shortest- & 00| N ES t fomiog Sluse
chain (44 kD) PS (blue) and for 80-nm = E 050 , .
and 36-nm longest-chain (9000 kD) PS E 's 025} gg g-
(red). Curves from 170-nm and 80-nm £ 2001 s 44 KkD170 nm | £ 000 I
films show identical stress versus strain =~ % _f « 9000 kD 80 nm .5 20 40 sn an wn 120 140 160 1uu
response to squeeze strains of 0.45 for Worg * 44 kD 36nm [ 4 Initial Film Thickness (nm)
entangled polymers, despite molecular ] sonn IlD 36 nm

weight spanning two decades (solid

0
squares and circles). (B to D) Contact [ Dl 02 03 u‘ ﬂb na nr GB 0! 1.0

modulus (B), forming stress (O, and Engineering Strain (aH/H) D
plastic strain (D) for polymers with i1, B O ] W T e 2 e T
of 44 kD (squares), 900 IO ircles), o § zo0p B aakD
and 9000 kD ftriangles) plotted versus 2\ T T @ 475 @ 900kD |
initial film thickness. Dashed line is to ! g 4 9000 kD
guide the eye. For each temperature E 1.00 e g B -8 E 1.80 80°c
o 0 b S0 e e § orsl P it -
rameters are normalized by the cor- 2 oot W 2 > g 100 &
responding value measured for the § [ /a 80°C s % + Vrnickrim O
short-chain polymer in thick films @ 025 'f' 20°C E o751 Plastic Strain 1
(44 kD, 170 nm). ) S S T.") S TR SO S NI
3 20 40 B0 80 100 120 140 160 18O 20 40 60 80 100 120 140 160 180
-4

Initial Film Thickness (nm) Initial Film Thickness (nm)
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modulus) and Fig. 2C (forming stress). For each
{emperature, parameter values for a particular mea-
sured film were normalized to the average value of
170-nm film measurements (including al! molecu-
lar weights) to allow direet comparison of the
relative effect of film thickness. In contrast, large-

ing stress step is visible in all but the thick-film
20°C data in Fig. 3A, where it occurs at about
750 MPa (see Fig. 1D). The stress-strain curves of
unconfined polymer show kable overlap at a

10 lie well below the shorter-chain films. A stress

reduction for the 0.43 confinement ratio of nearly

T0% at 0.5 strain extends the trend of an increased
fiening effiect with ter seen in Fig. 3.

given temperature. In the thin-film case, the un-
confined polymer curves exhibit a M,,-independent

Film Thi:lnlll (nm)

strain behavior is similar for all films except for the  increase in compliance and sofmess with absolute ol e ol B ol Bl
case of the highest M, shown as relative plastic  film thickness, whereas the anomalous confined- 500 170 nm 4
strain in Fig. 2D for the experiment at 80°C. Ina  film case shows reduced stress for equivalent large 12.5 MPalsec
manner similar to the contact modulus and forming ~ strain that becomes relatively more pronounced 400}115°C 4
stress, the relative plastic strain parameter refers o with increasing temperature. 7 8000 K
the plastic strain normalized by the average value of Hot embossing NIL achieves high-quality rep- = 00 A 1
plastic stram, as defined in Fig. 1D, forall 170-nm  lication (/7) by heating the polymer to a softened i 00 "0"‘.\-\-" -
films at 80°C. These observations remain qualita-  state, eliminating plasic yield, and reducing elastic £ iad sk o 1
tively unchanged for load rate variation over two  storage. Figure 4 shows the effect of confinement - D??'\ i
decades, provided the forming-stress stepis present.  on polymer flow characteristics in a melt-like state. //ﬁ
To highlight the anomaly in the swrain be-  For the 170-nm film at 115°C (Fig. 4A), no form- 0
havior of the longest-chain weight and thinnest  ing stress was observed, and the three curves lie SEATDR . BS 08 008 A &8 0N 10
film, we compared stress versus strain for thick  fully separated with thickened flow at higher A, Enalaserieg Sraln (L)
(170 nm) and thin {36 nm) films measured a1 20°  consistent with a conventional bulk response. In B s s FII;!:TMu‘klmu ‘llz‘m) .
and 80°C during initial loading to SO0 MPa (Fig.3).  the 36-nm film, forming stress disappeared at v ——r T
The three A, values of 44 kD, 900 kI3, and 9000 110°C (Fig. 4B). Confinement, however, pro- s00[- 36 nm 5
kD (blue, green, and red traces, respectively) are  foundly affects the resistance to deformation. The "‘!,w"'" ji
shown. The ratios of film thickness to the un-  ordering of increased flow stress with A, in curves o 110°C SiE
perturbed (i.e., bulk) radius of gyration R are 28,  free of forming stress has been completely F .?‘:’:
6.5, and 2.0 for the thick film (ie, far from reversed: The data for the 900D film near = °°° 43‘)
confinement), whereas for the thin film the fac-  confinement (confinement ratio 14) overlap the E 5 00 A
tors are 6.0, 1.4, and 043, with the last factor data for the unconfined 44-kD film, whereas the 2 / i
indicating highly confined molecules, The form-  behavior of the 9000-kD film has flipped position 100 ] i
8000 kD !
Film Thickness (nm| L
160 140 120 100 80 t ' 20 0 B F";:Tmcrsnm 1(5‘“‘ 6 ] AN ;:’rni.d::;‘.:'; :‘;«L: ks
500} s00 Wﬂku-w -~ 4 E g 5 Tlm.(uc) - i
o~ "
= e I & £’ 1781ty A" i80m ko3
F 5 SRR i Y : [f'cm-lmca 3Enm e 900 kD
g ot R g 0 9000 kD 2 f 3 nm . 44KD
® £
200} 200 4 = 0ap g 1
tg 170 nm ‘g' l"" 36 nm 3
0 12.5 MPalsec] - ,.?' 25 MPalsed E
L L., wc i L a0tc om A
D007 0703 04 05 06 07 0809 1.0 %n o102 05 04 05 08 07 06 08 10 g “":3}!}"-"#
Engineering Strain {4H/H) Engineering Strain (AH/IH) i . 5 -
c Film Thickness (am) D Film Thickness (_Prn) ;- S e A
160 140 120 100 2 0 ¥ N 0 ] Strass (MPa)
20 L] KD A 1 Fig. 4. (A) Stress-strain curves (loading at 12.5 MPa/s)
- ra at 115°C for 170-nm polystyrene films with 44, of
4001 . 9000 kD 400 ; ot 1 44 kD, 900 kD, and 9000 kD (blue, green, and red,
F « 900kD = 25 respectively). The forming stress has vanished in all
= 0or = 44 kD & s " -Q\ curves that show conventional separation of stress-
@ <" 9000 kD strain curves for melt flow by thickening with 44,.. (B}
g 200 g 0 Stress-strain curves at 110°C for 36-nm polystyrene
? 170 nm 36 nm films with £4,, of 44 kD, 900 kD, and 9000 kD. The
had ) 12.5 MPalsec] =2 125MPaised]  900-kD film, which is close to being confined,
..’ - aq"c_ . 80°C shows a similar response to the 44-kD film, whereas
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 o 01 0703 04 08 06 07 08 05 1.0 the deeply confined 9000-kD film curve lies well

Engineering Strain {amh‘)

Enginoering Strain (AHIH)

Fig. 3. Squeeze flow stress-strain curves (loading at 12.5 MPa/s to peak stress of 500 MPa) show identical
mechanical behavior with respect to /i, of 44 kD, 900 kD, and 9000 kD in 170-nm films at 20°C (A) and
80°C (C), and for M,, of 44 kD and 900 kD in 36-nm films at 20°C (B) and 80°C (D). Note that in (A),
inelastic behavior cannot be seen because the forming stress is about 750 MPa for all films at this
temperature (see Fig. 1C). The curve overlap is broken at large strain for the confined 9000-kD film at
both temperatures, but with a more pronounced effect at 80°C.

below both the shorter-chain curves. Confinement
inverts the order of separated stress-strain curves
for melt flow by instead thinning with A,,. (€}
Mean forming strain rate versus applied mean die
stress at 110°C for all three molecular weights in
170-nm films (black markers) and 36-nm films for
unconfined 44-kD and 900-kD films (blue) and the
confined 9000-kD film (red).
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The observed polymer mechanical behavior
differs from expected bulk scaling of polymer
mechanical behavior in two ways. When the
squeeze flow conditions induce a forming stress
in the polymer film, the polymer mechanical re-
sponse is anomalous when the film is in an initially
confined state, giving accelerated deformation. In
the absence of forming stress, unconfined films
lead 1o a net thickened scaling with A, whereas
films prepared so that the molecules are confined
show inverted behavior, with the flow thinning at
high M, Although indentation to large strain also
serves to confine the longer polymer molecules,
we found no evidence of a shifi in mechanical
behavior during the deformation process itself.
This is consistent with our previous ohservations
for thick films (2J).

The measured polymer response cannot be
attributed to phenomena known from conven-
tional polymer processing, even though complex
effects are not uncommon in these flows. This
complexity arises when inelastic deformation lo-
calizes at different length scales as shear bands,
entanglement depletion, and wall skip. Shear bands
with dimensions down to several tens of nano-
meters have been observed in annealed polystyrene
plass compression (22), and there is recent evi-
dence for strain localization in deformed melts
(23). However, in nanoindentation of metallic
stress fields have been found to probe a natural
spatial distribution of localized defects, leading 1o,
for example, delayed plastcity (hardening) and
single shear band emission (24). We similarly
expect siress localization of our present exper-
iments o, if anything, suppress the formation of
topological defects. Therefore, such defect activity
is highly unlikely to be responsible for the ac-
celerated deformation we observe.

At smaller scales, high shear rate can induce
local entanglement depletion, which results in
shear thinning. The polymer strains and strain
rates In our experiments represent conditions typ-
ical for nanoimprint manufacturing and are all
well into the nonlinear flow regime. Nonetheless,
our results cannot be explained by standard poly-
mer nonlinear shear or extensional effects. In Fig.
4C, the mean compressive strain rate (carrespond-
ing to the rate of gap closure) produced by our
linear loading history is compared for the confined-
film and unconfined-film experiments. At early
times, the strain rates are distributed over the region
005 to 05 s before converging and slowly
decreasing 10 0.01 s~ at long times. Conventional
shear thinning leads to reemergent Newtonian
flow with viscosity reduction bounded by linear
Rouse-mode M., scaling (25), whereas extensional
flows thicken with a further linear M,, prefactor
(26,27). Shear thinning may partially account for
the relatively modest increase in siress versus strain
scaling with M,, in the thick film at 115°C (Fig.
4A). The reversal of M,, scaling for the confined
entangled polymer melt of Fig. 4B cannot be ex-
plained by any standard nonlinear polymer me-
chanical response.

In channeled flows of dimension less than the
Navier-de Gennes slip length, the die wall can
further provide a mechanism for strain localization
by allowing slip at the interface (28). In general,
slip can be controlled by lubricants that concen-
trate shear at a sharp rheological gradient near die
walls (29). Natural mobility gradients reported for
cooperative chain segment motion (9, /() across
thin films may result in slip and reduced effective
frictional wall traction. However, in the present
experiment, chain confinement does not affect
contact modulus or forming stress, as these proper-
ties are uniform!y affected for all cham lengths (Fig.
2, B and C), from which we conclude that effective
small-strain lubrication is not altered by confine-
ment At large strain, squeeze flows may suffer a
loss of lubrication (29); however, any similar
confinement related effect would produce a flow
thickening opposite to what we observe.

The experiments show a breakdown of well-
established scaling order in polymer physics. In
the limit of zero shear, the viscosity scales as
M, as explained 1o the leading digit by the rep-
tation theory of entangled polymer melt dynamics
(30). In the absence of shear thinning, conventional
scaling would predict a (9000 kD44 kD)™ = 10°
increase in flow resistance from the lowest to
highest-A,, polymers. Even at the shear thinning
limit, the M,, scaling approaches unity and the flow
resistance should increase by a factor of more than
100 from the lowest- 1o highest-M,, films. The
approximate factor of 3 reduction for the highest-
M, stress versus sirain scaling observed in Fig. 4B
is highly different from bulk mechanics.

Our experiments, which show fluid-like be-
havior of a confined polymeric solid, are contrary
1o previous experiments that found solid-like be-
havior for unentangled polymer fluids during
small-strain deformation in narrow gaps (3/). In
the latter, solidification is thought to arise from
ordering and bridging effects in the gap that are
atiributable to short molecular relaxation times.
In our films, long relaxation times preclude the
development of such networks on experimental
time scales. Instead, we propose that the exper-
iments reveal the effect of an altered entanglement
network, where two-dimensional confinement
modifies chain packing during film preparation
(32, 33). This manifests as a suppression of bulk

i by reduced i ation of
neighboring chains in favor of self-penetration,
effectively weakening the overall polymer network.
The concept has been used to explain enhanced
deformation of tension-loaded, free-standing, con-
fined glassy polystyrene films (12).

The altered entanglement network does not
appear 1o affect the small-strain properties of the
polymer. In bulk pelvmers in the glassy state,
small-strain deformations related to both elastic-
ity and yield perturb segments of polymer chain
shorter than the entanglement spacing or tube
diameter {34). Because the small-strain properties
observed here in thin films are uniformly affected
regardless of M,,, we suspect that they are likely
caused by enhanced segmental (not whole-chain)

REPORTS I

‘mobility, similar to observations (9) during inves-
tigation of 7, at the surfaces of thin films. Both
large-strain glassy plastic and melt flow stress are
strongly linked to entanglement network effects
(35); therefore, network weakening by confine-
ment provides a unifying picture explaining our
observations at both small and large strain.

Our results show that molecular confinement
accelerates deformation of entangled polymers
during squeeze flow, and that confined entangled
polymer films exhibit M, dependence opposite
1o what is found for unconfined entangled poly-
mer films. Glassy entangled polymer films exhibit
clastic stiffness and yield stress that is lower for
thin films than for thick films, regardless of con-
finement. The observed phenomena cannot be
explained by boundary effects or known non-
linear mechanical polymer response. The results
suggest that polymer flow during NIL may be
enhanced by selecting polymers of increased mo-
lecular weight. Although they are directly relevant
1o NIL and nanomanufacturing, the results also
have implications for wear in ultrathin polymer
coatings, the operaton of polymer-based lubri-
cants and additives, and the strength and fatigue of
layered polymer composites.
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Peptides Enhance Magnesium
Signature in Calcite: Insights into
Origins of Vital Effects

A. E. Stephenson,™* ]. . DeYoreo,? L. Wu,*® K. ]. Wu,? ]. Hoyer," P. M. Dove®*

Studies relating the magnesium (Mg) content of calcified skeletons to temperature often report
unexplained deviations from the signature expected for inorganically grown calcite. These “vital
effects” are believed to have biological origins, but mechanistic bases for measured offsets
remain unclear. We show that a simple hydrophilic peptide, with the same carboxyl-rich character
as that of macromolecules isolated from sites of calcification, increases calcite Mg content by up to
3 mole percent. Comparisons to previous studies correlating Mg content of carbonate minerals
with temperature show that the Mg enhancement due to peptides results in offsets equivalent

to 7° to 14°C. The lrISIghts also pruwde a physical basis for anecdotal evidence that organic

dulates the

chemistry

ver the past 50 years, the Mg/Ca ratio in
marine cements (/) and calcified skel-
etal structures (5-9) has become a widely
used proxy for reconstructing past Earth environ-
ments. Elemental proxy models for temperature

of inorganic ¢
impurity levels in controlled materials synthesis.

and suggest an approach to tuning

plicated in modulating biomineral formation
(13, 14). Similarly, a number of widely cited
studies of nonskeletal carbonates have ques-
tioned whether humic and protein substances
(also enriched Ll\ acidic amino mds) in marine

edi could i min-

and seawater chemistry begin by ing that

ional si reflect envi i
condmcns of formation. Yet, the impurity con-
tents of biominerals are subject to “vital effects”
that can induce large offsets from equilibrium
values (7). These “vital effects” are believed to
have kinetic and taxonomic origins, but the mech-
anistic basis for measured offsets is not well
understood. A complicating factor is that miner-
alization is isolated from the external environ-
ment and occurs within an organic-rich matrix
(10 whose roles in mineralization are recognized
but difficult to assess. Atsites of calcification, this
microenvironment contains complex assem-
blages of proteins and polysaccharides (/0)
whose structures and amino acid sequences are
species-specific (3, 10-12). Moreover, calcifying
macromolecules are unusually enriched in the
carboxyl-rich acidic amino acids aspartate and
glutamate (10, i7), and their presence is im-
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lizati (2, 3).
Many observations and in vitro experimental
studies show that aspartate-rich biomolecules

obtuse

'
acute ’ »
'

obluse

enhance calcite growth (11, 13, 14). Indeed, a
recent study found that nanomolar concentrations
of acidic amino acids, peptides, and full proteins
accelerate calcite growth rate (up 1o 25 times) by
a relation that correlates with the hydrophilicity
of biomolecules (I4), a measure of their inter-
actions with water. These insights led us to hy-
pothesize that because () cation incorporation is
the rate-limiting step to growth (£ 5) and (i) Mg is
more strongly solvated than Ca (/6), then rate-
modifying peptides could also lower the desolv-
ation barrer to Mg incorporation relative to Ca
and thereby alter Mg content.

To test this idea, we grew calcite under con-
trolled chemical conditions within a flow-though
cell of an atomic force microscope (AFM).
Growth was observed in situ for the duration of
each experiment while kinetic and surface ther-
‘modynamic properties were simultancously mea-
sured. We monitored the propagation of steps at
dislocation hillocks to observe the growth process
during each treatment. Using established methods
(17-19), we conducted experiments at a constant
supersaturation (defined with respect to pure
caleite), o, of 1.6 where

6= In {acaco /Ky ()]

such that a; is the activity of species i, and K, is
the equilibrium solubility constant (10 s for
pure calcite at 25°C). The Ca®*:C0,” ratio was

Fig. 1. AFM images of calcite
growth hillocks. (A) In the ab-
sence of Mg or peptide modifiers,
growth hillocks develop by the
propagation of straight steps that
lack visible roughening. The c-glide
plane bisects two types of symmet-
rically equivalent step edges that
define the obtuse and acute step
directions to gwe four hillock flanks.
(B) With 3% 10”" M Mg, step edges,
particularly on acute flanks, become
roughened and hillock morphology is
elongated parallel 1o the c-glide axis.
() With peptide and 3 x 10~ M Mg,
acute step edges are roughened as
before, and the terrace widths be-

102
obluse

come larger. (D) Schematic cross section of the step risers illustrates
differences in step edge structure that arise from the orientation of
planar carbonate groups with respect to the (104) growth surface. All
AFM images are 5 pm by 5 pm.
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held at 1:1 to maximize growth rate (13), pH was
constant at 85, and Mg concentrations were
varied from 0 to 4 * 107" M. Control experiments
established an inorganic baseline for comparisons
to calcites grown in solutions containing 10 nM
{(AspyGly)sAsps, a synthetic 27-amino acid pep-
tide. This biomolecule was chosen for its similarity
to Asp-rich peptide sequences found in proteins
isolated from sites of calcification (£1). The 10 nM
concentration was selected to maximize the rate-
enhancing effect without visibly roughening step
edges at the micrometer scale (/4). For exper-
iments at the highest Mg concentration (4 =
107" M), where slow growth made measurements
difficult, peptide concentration was reduced to
1 nM.

In the absence of Mg or peptides, growth
hillocks form by propagation of straight steps
along four crystallographically defined directions
(Fig. 1A). When Mg was introduced to the solu-
tion, steps along acute directions showed charac-
teristic (/8) rounding and roughening (Fig. 1B).
With the addition of peptide, step spacing in-
creased but hillock morphology did not apprecia-
bly change (compare Fig. 1, B and C).

The Mg contents of AFM-prepared over-
growths were determined by time-of-flight-
secondary ion mass spectrometry (ToF-SIMS) with
acalibration curve established from NIST (National
Institute of Standards and Technology) glass stan-
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0 Cantrol

1.0 20 3.0 4.0

Mg Concentration {mM)

Fig. 2. Growth solutions containing the Asp-
rich polypeptide increase the Mg content up to
3 mol% MgCO; into calcite overgrowths (red
trend line) compared to the inorganic controls
(blue trend line). The enhancement due to
peptide is greater on flanks comprising obtuse
steps (A) than on those comprising acute steps
(B). Open symbols show data with larger un-
certainties. They are reported in the figure but are
not included in the regressions (Eqs. 2a and 2b,
and 3a and 3b).

50

dards by inductively coupled plasma mass spec-
trometry. Control experiments established a baseline
relation between Mg content and Mg concentra-
tion ([Mg]) in solution:

mol% MgC0O3 gppee = 1.02 £ 0.34 [Mg, mM]
(2a)

mol% MgCOs sane = 1.03 + 0.08 [Mg, mM]
(2b)
Obtuse and acute step edge directions incorporate
Mg such that the contents of hillock flanks ex-
hibit a linear dependence on solution concentra-
tion that is the same within experimental errors
(Fig. 2, A and B). This is consistent with previous
studies showing that transport conditions influ-
ence Mg uptake (2¢)). In contrast to growth in
diffusion-limited environments that results in dif-
ferential uptake, acute and obtuse steps incorpo-
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*
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10 nM (Asp,Gly),Asp,

Tertace Width (am}

Control
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20
Mol % MgCO3

30 40 50 60 70

Fig. 3. Measurements of calcite growth show
that (A) the rate of step propagation in the
presence of peptides (red) is 25 to 50% faster
than in the presence of inorganic controls (blue)
for experimental conditions that are otherwise
the same. (B) Terrace widths increase with
increasing solution [Mg, reflecting the forma-
tion of an increasingly soluble Mg-enriched
overgrowth (compare to Fig. 2) and the conse-
quent decrease in apparent supersaturation of
the solid solution. (C} Terrace widths increase
with Mg content. The offset between trends for
the inerganic control {blue) and the peptide-
bearing experiments (red) demonstrates that the
biomolecules increase the step edge energy of
calcite by 20 to 80%.
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rate similar amounts of Mg during growth under
surface reaction-limited conditions ({7, 20).

Calcites grown in the presence of Asp-rich
peptide incorporate 50 to 75% more Mg (Fig. 2,
A and B) by the relations

mol% MgCO3 cunuse, peptide

175 £ 0.34 [Mg mM]  (3a)
mol% MgCOs aame, peptide =
1.55 + 0.08 [Mg, mM]  (3b)

such that Mg content is increased by up to ~3 mol%
MgCO, at the highest solution concentration of Mg
and indicates preferential uptake across obtuse steps.

Insights into the origin of this behavior arc
found in kinetic measurements of step propaga-
tion rates, v (nin s“l). For calcite growth at 6 =
1.6, step velocity is given by

v=op (ace-— tcyre) )
where step velocity (1, nm s %) is given by the
molecular volume of calcite (w, 6.13 * 107 em®
per molecule), the kinetic coefficient (B), the local
activity of Ca™ at the growing surface (dcye-),
and the equilibrium Ca®™ activity for the crystal
that forms and is the value of calcium activity for
which step speed extrapolates 10 zero (acg.)
(17, 18). Calcite growth velocity decreased with
increasing Mg concentration in the inorganic
control solutions (Fig. 3A), as expected (18).

In contrast, growth in solutions that also con-
tain peptide offset growth rate o 25 to 50% faster
velocities (Fig. 3A). This enhanced growth rate
could be respansible for the increased Mg contents
because studies have shown that impurity contents
correlate with faster growth (27), though no mech-
anism for this correlation has yet been established.
Elhadj ez al. (4) showed that biomolecule-induced
increases in growth rate arise from increases in fi.
The magnitude of B is controlled by two primary
factors: (i) density of kink sites along the step,
m; and (i) net probability of attachment to a
site, which we wrile as exp(—E/kT), where k =
Boltzmann’s constant, T'is temperature, and £, is
an effective barrier to attachment (/7) of Ca or
Mg at a kink such that

P~ iy exp(=E/kT) (3)
Assuming that v remains linear versus (a — ag)
in the presence of impurities, which is documented
for the range of Mg (/&) and value of & used here
(18), then we must conclude that # is a constant
(19), although it may be reduced in magnitude
relative to the pure system when impurities bind
o the step. Thus, under these conditions, my is at
its maximum value and impurities can only de-
crease #. by blocking active kinks (22).

Allowing these constraints, the most likely
origin of enhanced p is reductions in £y. This
interpretation is evidenced by a previous study
showing that biomolecules promote calcite growth
in proportion to their hydrophilic character {/4).
Analysis of those data suggests that acidic bio-

www.sciencemag.org SCIENCE VOL 322 31 OCTOBER 2008

725



I REPORTS

726

molecules create a lower-energy pathway for
desolvating strongly hydrated cations as they
approach the growing step edge (/4). A similar
mechanism was invoked to explain Mg uptake
into calcites grown in alcohol-water mixtures
(23) and was supported by molecular dynamics
simulations showing that aspartic acid monomers
enhance the rate of Ba®* desolvation in the barite
(BaSO,) system (24). Recent AFM observations
of calcium oxalate monohydrate show that acidic
biomolecules are weakly attracted to the surface
and appear to serve as nutrient sources by promot-
ing faster growth as steps propagate beneath the
biomolecules (25). When one considers the extent
of cation interactions with the acidic domains of
biomolecules as a proxy for their ability to attract
and desolvate cations, a plausible mechanistic
picture emerges whereby biomolecules facilitate
the uptake, desolvation, and transport of cations
from bulk solution to the mineral surface.
Although this study cannot fully assess the
physical mode] for enhancement, we can con-
clude that peptides affect Mg more strongly than
Ca. If this peptide-induced perturbation were
equivalent, the Mg/Ca ratio would be unchanged.
Our analysis suggests that the only way to in-
crease the proportion of Mg is o induce a drop in
the barrier to Mg uptake that is greater than that
for Ca. This can be understood by comparing the
enthalpy of dehydration, AH®., for Mgz*
(~1882 KJ/mol) versus Ca®* (1569 kl/mol} at
25°C (16). If, for example, biomolecules reduce
AH® o, by 10%, then the energy barrier is reduced
by almost 190 kJ/mol for Mg but only 157 kl/mol

35
30
AT=8,
25 [
g
% 20
E AT=T?
=15
2 ,J/E?j =i
10 k
/o /'
¥ w14°
%

0D 10 20 30 40 50 &80 70

Temperature (°C)
Fig. 4. Published correlations between Mg
content and temperature show that if biomole-
cules induce a modest 2 mol% increase in Mg
content, the corresponding temperature offset
could be as much as 7° to 14°C. The different
ionic strengths and superaturations used in
these studies do not allow a direct prediction,
but only a general comparisen. Legend: purple:
Chilingar, 1962 (30); blue: Mucci, 1987 (31);
green: Fuchtbauer and Hardie, 1976 (32); and
red: Katz, 1973 (33).

for Ca. This kind of analysis raises two questions:
(1) What is the “real” equilibrium distribution of
Mg in caleite? Our findings suggest that Mg
contents must be highly limited by kinetic factors.
(ii) Do biomolecules also modify the hydration
properties of other IIA cations and thus also mod-
ulate their incorporation? If true, this suggests
the potential for selectively applying macro-
lecules during lled materials I

ison is not a prediction but nonetheless illustrates
that because the growth enhancement is specific
to biomolecule chemistry (/4) and acidic bio-
molecules induce greater Mg contents, perhaps
some signatures are altered by macromolecule
chemistry. These findings suggest that the basic
assumption of paleotemperature reconstruction
models would be degraded if the vital effect due

to bi were to change over time. One

1o tune impurity or dopant levels.

Measurements of terrace width, or spacing
berween steps (Fig. 3C), indicate that surface
thermodynamic properties of calcite may also be
modified by peptides. Terrace width, A, is con-
trolled by the Gibbs-Thomson relation through

= (2.04 vo)/kTa ©)
where a = step edge free energy per unit step
height (18). Though A increases with increases in
@ and/or decreases in 6, we deduce here that a is
the origin of this effect. First, we assume changes
in the molecular volume of calcites containing 0
10 6 mol% Mg are small relative to increases in A.
Next, we consider the influence of & on 1. When
the solid contains sufficiently high amounts of
Mg, o is reduced through increases in the ap-
parent solubility (Eq. 1) (26, 27). However, com-
parisons to a previous study (/&) show that the
ratio of terrace widths for the peptide-bearing and
control experiments is far too large to be ex-
plained by reductions in o; that is, the K,‘, of
calcites containing up to 4 mol% MgCO; are not
sufficiently different to explain the differences in
terrace width for the Mg contents reported here.
The peptide could also influence local o by
binding with Ca to reduce ag (Eq. 1), but two
quantitative measurements show that these pep-
tides have negligible effects on ac, (28, 29).
Citrate, an inhibitor with three carboxylic groups,
does not measurably modify & for calcium oxa-
late monohydrate systems until citrate concen-
trations are >2 pM, and no change can be
discerned below 10 pM (28). Moreaver, a study
of calcite that used large amounts of Asp; (29)
indicates that nanomolar concentrations of
{AspaGly)sAsps are unlikely to substantially
reduce . Even if every carboxylic of this 27—
amino acid peptide acted independently, we
would expect no effect for peptide concentrations
of <1 pM. Therefore, wider terraces that develop
in peptide-bearing solutions must be due, at least
in part, to increased o. This is consistent with
evidence that aspartate monomers also induce
small increases in a (28).

Our findings also raise new questions regard-
ing carbonate mineralization and interpretations
of their formation environments. In particular, do
biomolecules substantially offset Mg signatures
in natural calcites relative to the amounts attrib-
wied to temperature differences? Assuming a
modest increase of 2.0 mol% MgCO,, compar-
isons 1o published studies (30-33) show that an
equivalent Mg enhancement corresponds to an
offset of 7° to 14°C (Fig. 4). This crude compar-

could also ask if biomelecules are a source of the
vital effects long reported for stable isotopic
signatures (34).

This study may also provide mechanism-
based insights into factors that influence the
stability of carbonate minerals in biological and
sedimentary settings (35). Marine sediments con-
tain organic matter that is frequently enriched in
aspartate and glutamate (3). Because carbonate
surfaces in these environments interact preferen-
tially with aspartate-rich domains (3), findings
that Asp; and (AspyGly)sAsp; have compound-
specific effects on o suggest a means by which
biomolecule chemistry could passively influence
polymorph selection. Although step edge energy
cannot be equated to surface energy, the generally
accepted practice is to estimaie step edge energy
as the surface energy for the face that defines the
step riser (Fig. 1D) times the step height. So,
greater step edge energy implies greater surface
energy. The increased surface energy of a phase
‘makes nucleation of that phase less likely 1o oc-
cur. Thus, one polymorph becomes favored over
another (36). Hence, if biomolecules increase
Chealcits MOTE AN g pgenite, OTEanics could induce
preferential formation of aragonite. Aside from
the well-documented influence of Mg on the sta-
bility ofca.rbonme poiymorphs, shifis in o could
offer an for
of aragonite needles m carbonate muds con-
taining proteinaceous compounds enriched in
acidic amino acids (2, 3). Formation of skeletal
and inorganic carbonates alike may be befter
understood by considering biomolecule influ-
ences on kinetics and thermodynamics of mineral

growth and stability.
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Trampoline Effect in
Extreme Ground Motion

Shin Aoi,* Takashi Kunugi, Hiroyuki Fujiwara

In earthquake hazard assessment studies, the focus is usually on horizontal ground motion.
However, records from the 14 June 2008 Iwate-Miyagi earthquake in )apan, a crustal event with a
mement magnitude of 6.9, revealed an unprecedented vertical surface acceleration of nearly four
times gravity, more than twice its horizontal counterpart. The vertical acceleration was distinctly
asymmetric; the waveform envelope was about 1.6 times as large in the upward direction as in the
downward direction, which is not explained by existing models of the soil response. We present a
simple model of a mass bouncing on a trampoline to account for this asymmetry and the large
vertical amplitude. The finding of a hitherto-unknown mode of strong ground motion may prompt
major progress in near-source shaking assessments.

networks has contributed fo recent discov-
eries conceming ground shaking and com-
plex wave propagation (/-3)and to the development
of ShakeMap, a tool for real-time seismology and
earthquake hazard mitigation (4, 5). As more and

T]m deployment of high-density seismograph

Fig. 1. (A) Map of the source
region of the Iwate-Miyagi
earthquake in Japan [14 June
2008; moment magnitude
(M) = 6.9]. Triangles and
squares, K-NET and KiK-net
stations, respectively, colored
according to the peak ground
accelerations. Red star and
black circles, epicenters of the
mainshock and the after-
shocks. Black rectangle, ground
surface projection of the earth-
quake source fault. The focal
mechanism, estimated using
F-net broadband data, is also
demonstrated. (B} Schematic
diagram of the relative geom-
etry of the Kik-net IWTH25
station with respect to the
source fault. The downhole
sensor,

‘more near-source data have become available, the
stockpile of extreme ground motion observations has
become ever larger, with potentially rich implications
for earthquake engineering and building design.
Japan has deployed and maintained nationwide

with about 1800 stations. A station of the KiK-
net (/) recorded ground acceleration exceeding
four times gravity ({1), the largest ever reported
1o date, during the 14 June 2008 Iwate-Miyagi
earthquake, a reverse-fault type crustal event ex-
tending roughly 30 km in strike and 20 km in dip
directions (Fig. 1A). The motion in question was
recorded at the IWTH25 (West Ichinoseki) sta-
tion, located on the hanging-wall side of the
fault (12), 3 km southwest of the epicenter. The
TWTH2S5 station is equipped with three-compaonent
accelerometers, insialled at both the free sur-
face and the bottom of a 260-m borehole (Fig.
1B). It lies in a volcanic zone where volcaniclastic
rocks, such as wif breccia, are covered with a
surface layer of river terrace deposits (S-wave
velocity 430 m/s in the shallowest surface layer)
(fig. SIA).

National Research Institute for Earth Science and Disaster
Prevention, 3-1 Tennodai, Tsukuba, Ibaraki 305-0006, Japan.

networks of strong motion seismographs (6-9),

*To whem should be addressed. E-mail:
aoi@bosal.go.jp
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istant casing made of stainless steel, is fixed with a latch to the bottom of the borehole. The surface sensor is ancher-

lina
bolted to the bottom of an emp{y 45 cm-deep pit with a metal lid firmly glued shut (19). Inset, the P- and S-wave velocity measured by geophysical logging.
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The peak acceleration at the surface (Fig. 2A)
was 3866 gal in the veriical direction and 1435
gal in the horizontal (13). In strong motion seis-
mology, the focus has customarily been on hor-
izontal motion, because they are usually much
larger in amplitude than their vertical counter-
parts, so the evidence of an extreme vertical
acceleration, more than twice the horizontal, should
‘merit special attention. The downhole [(ground level)
GL 260 m] sensor set in a soft rock (S-wave ve-
locity 1810 m/s) (Fig. 1B and fig. S1A) recorded
peak accelerations of 683 and 1036 gal in the
vertical and horizontal directions, respectively.
This means that the large accelerations on the
surface are partly due to the large incident
amplitudes at the subsurface layer, but the
unusually large vertical-to-horizontal peak accel-
eration ratio at the surface should be attributed to
the effects of near-surface layers.

The waveform of the vertical surface motion
is strongly asymmetric with respect to the zero
axis (Fig. 2A). By contrast, the horizontal surface
components and the downhole reconds are largely
symmetric. This indicates that the waveform asym-
metry, peculiar to the vertical surface record, also
originaied between the 260-m depth and the sur-
face. In terms of spectral composition, the wave-
form asymmetry in the vertical surface record is
visible only above 8 Hz (fig. S2).

We d ined pes, ind dently for
the positive- and negative-polarity motions, by ap-
plying a tiangular smoothing filter (duration 1 8)
to the sequence of maximum positive and negative
values, taken from every consecutive 0.1 s inter-
val of the vertical- and two horizontal-component
records (red and blue areas in Fig. 2A). Only for
the surface vertical acceleration in the time win-
dow of 4 10 14 s, roughly comresponding to the
largest amplitudes, the envelope d; ined for the
positive polarity is visibly larger than the negative-
polarity envelope, with the peak amplitudes
differing by a factor of 1.6. After 14 s, the am-
plitudes became similar for both envelopes.

In the vertical surface record from 4 to 14 s,
not only were the upward pulses larger in ampli-
tude than the downward ones but also they tended
1o be narrow and sharp, whereas the downward
pulses were broader and longer lasting (inset of
Fig. 2A). These features are not evident in the
corresponding downhole record. We have taken
statistics of the periods of the positive and nega-
tive pulses, defined here for convenience as twice
the time between two consecutive zero crossings.
Despite the large dispersions, the periods are vis-
ibly shorter for the positive pulses (Fig. 2B). His-
tograms of the positive and negative local peak
accelerations (fig. 83) demonstrate that, between
5 and 15 s, positive peaks in the surface record
tend to scatter farther away from zero than their
negative counterparis, The negative local peak
accelerations have a sharp peak of frequency near
—800 gal in the 5- to 10-s time window. It is
warthy of note that the positive pulse, taller and
sharper, and the negative pulse, smaller and broader,
cover similar areas when integrated along the time

axis for one cycle. This means that the disparity
in peak amplitudes for both polarities does not
lead to one-sided shifis in velocity or displace-
ment seismograms.

To search for similar asymmetry in other carth-
quakes, we picked out, from among the ~200,000
records in the K-NET and KiK-net database from
more than 1800 stations and about 6800 events,
14 seismograms for which the acceleration (vector

our threshold for selection is $+/S- > 1.15 and
T-/T+>> 1.10 (pink area in Fig. 3A). Noticeably, the
§+/8~ and T-/T+ ratios (especially the former) sel-
dom fall too far below unity. The $+/S- and T-/T+
ratios were near unity {no asymmetry) for all ver-
tical downhole records (white circles in Fig. 3A).

Both ratios have the tendency to increase with
peak ground acceleration, although there are cases
in which strong shaking was not accompanied by

ion of all three comy exceeded grav-
ity (table S1). We use two indexes as measures of
the waveform asymimetry, namely the mtio of the
areas of the upwand (S+) and downward (S-) en-
velopes and the ratio of the average pulse periods of
the downward (T-) and upward (T+) motions.
These two indexes were calculated for the longest
continuous time window over which the envel-
ope amplitudes stayed larger than 5% of the
maximum value (Fig. 3). For the vertical surface
record of the Twate-Miyagi event at IWTH2S (#1
in a black circle in Fig. 3A and table S1), §+/8— =
1.29 and T—/T+ = 1.15. Two other surface records
#2 and #3 in black circles in Fig. 3A and table
S1) demonstrated pronounced asymmetry, where

T d v. The number and the fre-
quency of larg, le pulses may p ally
be involved in the development of asymmetry,
but that remains inconclusive at the moment. At
TWTH2S, the largest afiershock of the Twate-Miyagi
event (#12 in a black circle in Fig. 3A and table S1)
produced largely symmetrical ground acceleration,
indicating that asymmetry is not characteristic of
this site. Relatively strong asymmetry is present in
the record from event #5 (black circle in Fig. 3A
and highlighted in blue in table S1), the only strike-
slip type earthquake among the 14 listed events.
Earthquake ground motion is generally well
described by wave propagation in an elastic me-
dium satisfying a linear wave equation, so there

MAX{3comp) = 4022 MAX = 1077
A Surface (GL-Om) Maxihoriz) = 1436 Downhole (GL-260m) Mu:hnn!, l-nn
' S+/5-= 097} 1 S+/5-m 103
T-/Te =087 T/T4 =101
MAX 1143

Se/§-m 102

up —%-.——
| Jwﬂ 683
Litw:6.0-7.0 sec.
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20

56 0 5 10 15
[y YT
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25[s] 0 5

20

25[s]

|

25[s]

0

10 15

20

Fig. 2. (A} Acceleration at IWTH25 during the Iwate-Miyagi earthquake. Left, surface records.
Right, downhole (GL —260 m) records. The origin of the time axis is 8:43:44 Japan Standard Time.
Red and blue areas, envelopes of the upward and downward pulses. White background, time window
used in the calculation of the 5+/5— and T—/T+ ratios. Insets, magnified views of the vertical compenent
acceleration during a 1-s interval that includes the maximum amplitude (indicated by brackets beneath
the original seismograms). (B) Periods of the positive {red) and negative (blue} pulses, estimated by
doubling the time between two consecutive zero crossings.
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should basically be no asymmetry of amplitudes
arising during propagation. During strong shak-
ing, nonlinear behavior of soil becomes impor-
tant (4, 15). When the incident motion is large,
nonlinearity reduces the surface soil amplifica-
tion factors and shifs the peak amplification fac-
tor to lower frequencies with respect to what is
expected from the linear theory (/6, I7). These
phenomena are in fact observed for the horizontal
motion record of the Twate-Mivagi event (fig. S4),
consistently with existing knowledge. However,
such conventional models of nonlinearity do not
satisfactorily explain the waveform asymmetry in
the vertical component.

A

Period Ratio T-/T+

as m uous oz 1
Envelope Area Ratlo S+/5-

To explain this asymmetry, we propose a new
mode! of soil’s nonlinear behavior. We hypoth-
esize that, when dilatationa strains become larg:

REPORTS I

lose mutual contact and fall into a virtual free-fall
state.
Another familiar analogy would be that of an

enough during strong downgoing 1

the bulk tensile strength of the near-surface male
rial is reached, so that soil and rocks lose their
cohesion through the development of tensile cracks
and apertures. Let us consider, by way of analogy,
an open box filled with sand. When there is up-
going acceleration, the sand, subject to compres-
sional stress, behaves elastically, and this may
continue 1o be true under moderate downgoing
acceleration. As the downgoing acceleration in-
creases, however, the sand particles may begin to

B THISONDS 140843 UD (kaface) S
un s
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Fig. 3. (A) Plot of the S+/5— and T—/T+ ratios for the 14
vertical-component records (table 51), for which the peak
acceleration exceeded gravity. Black circles, values calcu- =
lated for the surface records. White circles, values calculated o TR W E A
forthe downhole records (available only at Kik-net stations).

Pink, region of strong waveform asymmetry, defined by 5+/5— > 1.15 and T—T+ > 1.10. (B) Four vertical
surface records with the strongest degrees of asymmetry. White background, time windows used in the
calculation of the S+/5— and T=/T+ ratios.
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Fig. 4. (A) Simplified model of the motion of an undeformable mass bouncing on a trampoline. (B)
Elastic deformation of a deformable mass, represented by a selected part of a downhole seismic
record. (C) Simulated motion of a deformable mass bouncing on a trampoline, obtained as the sum
of (&) and (B). To be compared with the seismogram in the left inset of Fig. 2A.
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athlete bouncing on a line (Fig. 4A). There
are two forces acting on the athlete, namely the
downward-directed gravity and the upwand-directed
repulsion of the trampoline hit by the athlete. The
trampoline’s repellent force is larger than gravity.
This analogy apparently helps to account for the
1wo aspects of waveform asymmetry we have de-
seribed so far: First, the asymmetry in acceleration
amplitudes—the downgoing acceleration should
basically be bounded at —1 % g, whereas there is
no intrinsic bound on the upgoing acceleration; and
second, the asymmetry in pulse periods—the time
for the athlete to be repelled upward is shorter than
the time for the athlete to fall freely.

A simple mathematical illustration of this tram-
polining model is given in Fig. 4. By way of
simplification, we represent the motion of an
undeformable mass bouncing on a trampoline by
cyclic oscillations with distinet polarity asymmetry
(Fig. 4A) (18). A selected part of the IWTH2S
downhole record from the Iwate-Mivagi earth-
«quake, which is thought to be elastically behaved,
is used to represent the elastic deformation of a
deformable mass (Fig, 4B). Figure 4C shows the
sum of the two waveforms, which should corre-
spond to the motion of a deformable mass bounc-
ing on a trampoline. This graph is qualitatively
similar to the asymmetric vertical surface accel-
eration observed at IWTH25 (inset of Fig. 2A).
The tendency for the downgoing accelerations to
be bounded near —1 * g is also reproduced.

Because real soil or rock is not likely to be-
come entirely cohesionless under dilatational stress,
and should be subject 1o a wealth of natural fac-
tors such as friction and medium complexity, its
true behavior should be appreciably more com-
plicated than the trampoline analogy. However, the
fundamental features of the asymmetrical ground
maotion we have found at IWTH2S are apparently
m good accordance with our simple trampolining
madel. The search for other instances of similar
asymmetry should be precipitated, so that we can
have a better understanding of the nature and
origin of this phenomenon and find out the key
conditions for it o take place or not to take place
during strong ground shaking. An explanation of
this phenomenon is expected to bring about major
progress in earthquake hazard assessment studies
for near-source areas.
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Tracing the Origin and Fate of NO,
in the Arctic Atmosphere Using
Stable Isotopes in Nitrate

Samuel Morin,*** Joél Savarino,*? Markus M. FrEy,uT Nicolas Yan,** Slimane Bekki,*

Jan W. Bottenheim,” Jean M. F. Martins™*

Atmospheric nitrogen oxides (NO, = NO + NO,) play a pivotal role in the cycling of reactive nitrogen
(uttimately deposited as nitrate) and the oxidative capacity of the atmosphere. Combined measurements
of nitrogen and oxygen stable isatope ratios of nitrate collected in the Arctic atmosphere were used to
infer the origin and fate of NO, and nitrate on a seasonal basis. In spring, photochemically driven
emissions of reactive nitrogen from the snowpack into the atmosphere make local oxidation of NO, by
bromine oxide the major contributor to the nitrate budget. The comprehensive isotopic composition of
nitrate provides strong constraints on the relative importance of the key atmospheric oxidants in the
present atmasphere, with the potential for extension into the past using ice cores.

he atmospheric cycle of reactive nitrogen
I (1) has a profound influence on the chem-

marine boundary layer has been ruled out on
the basis of meteorological evidence and pat-

ical compaosition of the lower
and the deposition pattern of nutrients at Farth’s
surface. NO, contributes to the formation of ozone
and particulate matter (2) and is thus important
for regional air quality (3) and radiative balance
(4). Atmospheric nitrate, produced upon oxida-
tion of NO,, is the main source of reactive ni-
trogen to remote ecosystems (5). Understanding
the budget of NO; and nitrate in the Arctic at-
mosphere is necessary fo assess their environ-
mental impact.

The input of reactive nitrogen to the Arctic
proceeds mainly through long-range transport
within the troposphere (6) and the deposition of

heric nitrate, iated with the lled
Arctic haze phenomenon (7, &), which has hith-
erto been confined to winter and spring. A sub-
stantial direct contribution from the stratosphere
to the budget of reactive species in the Arctic
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tems of heric transport (6). Local oxida-
tion of NO, is generally thought to be limited
because the release of appreciable amounts of
NO; to the Arctic atmosphere from the thermal
decomposition of peroxyacetylnitrate [PAN, the
main reservoir species of NO, in the atmosphere
{9)] is prevented by the low temperatures pre-

vailing during winter and spring (/) and because
PAN levels are too low during summer. How-
ever, the possible recycling of nitrate deposited on
snow, leading 1o the release of NO, to the at-
‘mosphere (//-14) and interactions with halogen
oxides such as bromine oxide (BrO) during the
spring (15), complicates the atmospheric budget
of reactive nitrogen in the Arctic atmosphere (/6).
In situ emissions of NO, may occur in the future
during the summer, with the development of
shipping routes associated with the reduction of
sea-ice cover (7).

In general, closing the budget of aumospheric
species requires the quantification of both the
burden and the fluxes (that is, source/sink rates)
associated with the different processes acting on
them, such as emissions, chemical reactions, and
transport. Conventional methods rely mostly on
models that are evaluated and constrained with

spheri ion because
there is no direct means of measuring chemical
fluxes associated with individual reactions. In
contrast, the measurement of isotopic ratios (18)
provides direct insights into the nature and im-
portance of individual fluxes (/9). First, changes
in the 5"*N values during the conversion of NO,,
fo nitrate are minor, therefore 8'°N traces NO,
sources (2(7). Second, because of mass-independent
fractionation dwring its formation process (27,

Fig. 1. Seasonal cycle of
concentrations and A0
of atmospheric nitrate at
Alert. Also shown is the

Arctic haze

day length (from 0 to 24
hours, the shaded area cor-
responding to nighttime con-
ditions). The black dashed
line represents a satellite-
retrieved column of BrO north
of 70°N (32). Thick gray lines
correspond to the calculated
AY0 value in atmospheric
nitrate formed at 40° and
B0°N, respectively. The black
vertical arrows indicate the
strong deviation from these
seasonal cycles in spring, due
1o the interaction of BrO with

10° 47 0NDS)
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snowpack-emitted NO,. The

T
vertical dotted lines are iden- L

Apros

T T T
Oct 05 Jan 06 Apr 06

tical to those in Fig. 2 (delineating periods of snowpack NO, emissions from April to June).

31 OCTOBER 2008 VOL 322 SCIENCE www.sciencemag.org



ozone possesses a strong isotope aamaly (A'70 =
§'70 - 0.52 » §*%0), which is transferred to most
short-lived oxygen-bearing species, including
NO, and nitrate. The isotope anomaly of nitrate
depends on the relative importance of ozone and
other key oxidants in NO, oxidation, thus A0
measurements in nitrate allow researchers to
identify and apportion NO, sinks (16, 22).

This study combines atmospheric concentra-
tion and isotopic composition (5'°N, A'"0) of
nitrate sampled at Alert, Nunavut, Canada (82.5°N,
190 m above sea level), in order to infer a detailed
budget of NO, and nitrate on a seasonal time

Throughout the year, 8N exhibits pronounced
variations, spanning a very large range [between
—42 and 3 per mil (%)), which encompasses
previous measurements carried out in the Arctic
(Fig. 2) (24, 25). Summer months exhibit the
highest values {on average —1%s in July and
August), smoothly decreasing to reach values on
the order of —15%o in winter (until March), which
is consistent with seasonal varations inferred
from a Greenland snowpit (25). This seasonal
cycle is more pronounced than and opposite to
seasonal variations observed at industrialized mid-
latitude sites (26, 27) that are driven by isotopic

scale (23). The nitrate ¢ measured
at Alert are typical of the yearly cycle in the
Arctic lower atmosphere (Fig. 1) {8). They show
a marked seasonal cycle with maximum values
between November and May (on average 140 +
50 ng m™*) and minimum values between June
and October (40 < 20 ng m ).

Flg. 2. Temporal evolution

¥ between NO and NO, (26). During
most of the year (hetween July and March),
5'*N variations are strongly correlated with air
temperature (7) [10° 8N = 037 « T (in °C) —
1.8, R = 0.81, n = 41, P < 0001, fig. $2]. This
relationship points toward an isotopic effect
arsing from physicochemical transformations

=

of 5N of pheric nitrate
at Alert (red dots). Shaded
areas are identical to those
in Fig. 1. Also shown is the
air temperature record {black
solid line). The blue dashed
line represents the seasonal
cycle of 8N inferred from
temperature variations (be-
tween July and March). Purple
squares represent the calcu- 10
lated contribution of snow-
pack emissions inferred from
an isotopic mass balance,
which qualitatively correlates
with the normalized UV ra-
diation at 80°N interacting
with snow surfaces in the
Arctic basin {termed snow
illumination).

604

emissions /%

40 |

201

T

.
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within the Arctic region and during the transport
of nitrate and reactive nitrogen species from mid-
latitudes (26), although the driving factor cannot
be identified on the basis of this sole data set. The
compact relationship between &N and tem-
perature breaks down completely during spring,
suggesting the onset and predominance of a pro-
cess anomalous with respect to the rest of the year
3"*N becomes extremely variable and reaches recard
low values: They are matched only by measure-
‘ments carried out in coastal Antarctica (28, 29) that
have unambiguously been attributed to emissions
of reactive nitrogen from the snowpack (11, 14, 29).
The **N isolopic effect associated with this snow-
pack recyleing loss is large, with a fractionation
constant {£) on the order of —54%» in central Ant-
arctica (30), leading 10 elevated 5N values in
nitrate remaining n the snow (30) and, as a con-
sequence of mass conservation, depleted 5N
values in the emitted species (29). Assuming that,
without snowpack emissions, 5N would comelate
with temperatire Ycar—mund, and using the ratio of
the deviation of 3'°N data from this seasonal trend
with & measured in Antarctica (30) {due to the lack
of Arctic measurernents), it is found that snowpack
emissions can contribuie to at least a third of the
budget of NO, and nitrate during spring [Fig. 2 and
supporting online material (SOM) text]. Although
snowpack emissions do not represent a net source
of reactive nitrogen 1o the Arctic, they do have a
substantial impact on the seasonality of its concen-
trations and the oxidative capacity of the lower
Arctic troposphere, especially in spring. In the same
way, this phenomenon can also explain mcabseme
of a fation between the k nitrate
cmmmunnmdzndﬂleuﬂnznmunmw
ries of other anthropogenic species (31). As
shown by Fig. 2, the denved contribution of
snowpack emissions correlates with the amount of
ultraviolet (UV) (calculated for 80°N) inferacting
with snow surfaces in the Arctic basin, suggesting
that snow photochemistry drives much of these re-
active nitrogen emissions: The calculated impact of

Fig. 3. Three-isotope plot of atmospheric

1 1 1 I
Apr05 Jul05 Oct05 Jan06 Apr06 Jul06

nitrate oxygen isotopes at Alert. Symbols © Spring |
and colors refer to the seasons delineated 80- _‘; :.:]':""" I
in Fig. 1. Summer, spring, and winter cor- = Winter
respond to NO, oxidation pathways involv-
ing OH, BrO, and NO5, respectively, so that
reporting oxygen isotopic measurementson @
this plot offers a way to unambiguously iden- o
tify (and possibly apportion) NO, oxidation £
pathways. The slopes (intercepts) of the lin- =
ear regression lines are 0.88,0.71,and 074 &
(2.4,11.6, and 15.0) for spring, summer, s
and winter, respectively. +
4T
50 T T
60 o0
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is maximal when both snow
and UV radiation coexist during spring. During
winter, permanent nighttime conditions prevent
photochemistry, and in summer and fall the snow
cover is minimal.

Oxygen isotopic data are represented as a
function of the season (Figs. 1 and 3). Summer
corresponds to permanent sunlight conditions, and
fall corresponds to the sharp ition into the
winter, during which sunlight is permanently
absent. The spring period corresponds to polar
sunrise, when frequent surface ozone depletion
events (ODES) are observed at Alert, due to active
‘halogen chemistry (15, 32). The seasonal pattern
of A0 (Fig. 1) is srongly asymmetrical, with
lowest values in summer, whereas the highest
A0 values comespond fo the spring, followed
by the winter and fall. The highest variability is
observed during spring. Variations of the A0 of
nitrate can be understood in terms of the transfer
of the isotope anomaly from ozone to nitrate
through different formation pathways (16, 22).
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Regardless of the NO, source, A'70 of NO, is a
direct function of the isotope anomaly of ozone
and the concentration of NO oxidants (O, BrO,
and RO;) due to rapid photochemical recycling
(16, 22, 33). When NO, is oxidized to nitrate, an
additional O atom is incorporated from various
source molecules, depending on the NO, oxida-
tion pathway (/6, 22), which results in charac-
teristic A'70 values in the nitrate produced. Three
groups of nitrate formation pathways need to be
considered, depending on the nature of the NO,
oxidant: (i) OH radicals, (i) Os, and (ii) BrO.
The first case (i) corresponds to the reaction of
OH with NO;, (directly producing HNO,), which
operates only during the day because OH levels
are negligible at night. The reaction of NO; with
ozone (i) yields the nitrate radical, which can
react either with hydrocarbons and reduced sulfur
compounds to give HNO; or with NO, to form
dinitrogen pentoxide, N;Os, whose heteroge-
neous hydrolysis leads to nitrate formation (3).
These channels (i) essentially operate at night
because NO; is rapidly photolysed back to NO,
during the day. The reaction of NO; with BrO
(iii) yields the reservoir species bromine nitrate
(BrONO,), which can in tum hydrolyze into ni-
trate. Each of these channels results in a different
A"70 value in the produced nitrate, thus provid-
ing an easy way to tabulate the isotopic signature
of each NO, sink {table S1). An atmospheric
chemistry box mode! was used to compute the
A0 of nitrate produced in winter and summer at
middle (40°N) and polar (80°N) latitudes (SOM
text). These two extreme cases represent the twa
sources of Arctic nitrate that is, long-range trans-
port and loca! production, respectively). Halogen
chemistry was not taken into account because it
does not operate significantly in summer and
winter (13, 32). In winter, NO, is mostly oxidized
through the ozone channels (ii). In summer, the
reaction OH + NO, (i) is the main NO, oxidation
channel. The seasonal contrast is more pronounced
in polar regions as compared to middle latitudes
because of permanent nighttime conditions in
winter and permanent daytime in summer, so that
predominant channels are more exclusive. Under
the assurnption that changes in actinic flux are the
main drivers of the seasonal changes in NO, oxi-
dation pathways (22), the annual cycle of A0
can then be inferred from the two mode!-calculated
values (winter and summer) and the solar zenith
angle. These calculations are shown in Fig. 1,
along with the field measurements. For most of
the year (from July to March), measured A'7Q
values fall by and large between the modeled
values, with a tendency to betier follow the tem-
poral evolution of the modeled A0 at 40°N,
especially in summer, despite some scatter in the
data. Oxygen isotopic measurements are consist-
ent with the idea that atmospheric nitrate mostly
originates from long-range transport from mid-
laumd.:salﬂusumzuflhay:n{ﬁ 8). In contrast,
A0 measurements during spring are found far
away from the range of model-calculated values.

The concurrence of elevated A'70 values and

large-scale observations of enhanced BrO levels
in the polar lower atmosphere (Fig. 1)(32) strong-
ly suggests that NQ, is mainly oxidized to nitrate
within the Arctic basin through the hydrolysis of
BrONO, (16).

Scrutiny of the 5N and A0 time series
shows that abnomally high A'70 values, indicative
of local NO, halogen chemistry, are recorded only
when low 8N values, indicative of snowpack NO,
emissions, occur. The scenario emerging from this
dual isotopic approach, complemented by the
regional BrO (32), is that i
of UV light with snow surfaces drive photochernical

4. D. Shindell, Geaphys. Res. Leit. 34, (14704 (2007).

5. ). M. Galloway et al., Science 320, 889 (2008).

A Stohl, L. Geophys. Res. 111, D11306 (2006).

K S. Law, A Stohl, Science 315, 1537 (2007}

P. K. Quinn ef af., Tellus 598, 99 (2007).

H. 8. Singh, M. Kanakidou, P. J. Cruizen, D. ). Jacob,

Nature 378, 50 (1995).

10. H. ). Beine, T. Krognes, Atmos. Enviran. 34, 933 (2000).

1L R E Honrath et al., Geophys. Res. Leti. 26, 695 (1999).

12. F. Dominé, P. B. Shepson, Scence 297, 1506 (2002},

13. H. ). Beine ef al,, Atmos. Chem. Phys. 3, 335 (2003).

14, A M Grannas et af., Atmos. Chem. Phys. 7. 4329 (2007},

15. W. R. Simpson ef al, Atmes. Chem. Phys. 7, 4375 (2007},

16. S, Morin, ). Savarino, S. Bekid, 5. Gang, ). W. Bottenheim,
Atmos. Chem. Phys. 7, 1451 (2007).

1. € Glimalnaf Geaphys. Res. Letl. 33, 113807 (2006).

18. Isotopic are expressed with the & notation:

b it o4

loss of nitrate in the snowpack and the
release of NO, during spring. In tumn, NO, interacts
with BrO to profoundly modify the budget of
atmospheric nitrate, which is then fommed almost
exclusively by BrONO; hydrolysis. This implies
that snowpack NO, emissions are key to the
atmospheric budget of NO, and nitrate at high
latitudes during springtime, confirming the signifi-
cant impact of snow on the ground on the overlying
atmosphere (12). NO, emissions also play a role in
the recycling of atmospheric reactive halogen
species, in particular through the wle of BrONO,,
thereby forming a link between the chemistry of
NO, and reactive halogens. The latter observation
may explain why ODEs do not occur in fall,
‘because at this time of the year the interaction of UV
light (maximal in June) and snow surfaces is
minimal (see Fig. 2, fig. $3, and SOM text for
details). It could imply either that bromine activation
requires the sinmltaneous occumrence of UV light
and the presence of snow, as for snowpack NO,
emissions, or that snowpack NO, emissions
themselves play a role in bromine explosion.
Another important implication of oxygen iso-
topic measurements is the detenmination of purely
chemical budgets. The data set can be used to
identify the isotopic signature of almost pure NO,
oxidation channels. Figure 3 summarizes all the
oxygen isotopic data on a three-isotope plot, where
seasonally labeled data plot on distinct arrays. Each
of these seasonal arrays broadly represents the
signature of predominant nitrate formation mecha-
nisms at the hemispheric scale (summer, OH +
NO,; winter, NO, radical; spring, halogen chem-
istry). Hence the oxygen isotopic composition of
atmospheric nitrte offers a way to identify and
appurlm NO, oxidation pmhways In contrast to
in situ [as in
(3], this “geochemical” appmach relies on stan-
dard aerosol sampling techniques, which are easy to
implement on large geographical scales and for
long-term studies, and on stable isotope measure-
ments, which can be performed in the laboratory
weeks or months after the sampling. The isotope
tool is thus able to assist in identifying sources and

50 = Ry umateRoeterence = 1, Where R, refers to the
00 mole ratio for x = 17 or 18, or the *N/*N mole
ratio, in the sample and the reference material (standard
mean ocean water for oxygen, atmospheric N, for nitrogen}.
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Ages for the Middle Stone Age of
Southern Africa: Implications for
Human Behavior and Dispersal

Zenobia Jacobs,™* Richard G. Roberts,* Rex F. Galbraith,? Hilary ]. Deacon,® Rainer Griin,"
Alex Mackay,® Peter Mitchell,® Ralf Vogelsang,” Lyn Wadley®

The expansion of modern human populations in Africa 80,000 to 60,000 years ago and their initial
exodus out of Africa have been tentatively linked to two phases of technological and behavioral
innovation within the Middle Stone Age of southern Africa—the Still Bay and Howieson's Poort
industries—that are associated with early evidence for symbols and personal ornaments.
Establishing the correct sequence of events, however, has been hampered by inadequate
chronologies. We report ages for nine sites from varied climatic and ecological zones across
southern Africa that show that both industries were short-lived (5000 years or less), separated by
about 7000 years, and coeval with genetic estimates of population expansion and exit times.
Comparison with climatic records shows that these bursts of innovative behavior cannot be

explained by environmental factors alone.

natomical and genetic evidence suggests

that modem humans (Homao sapiens) orig-

inated in Africa during the Middle Stone
Age (MSA), which lasted from about 280 to 30
thousand years ago (ka) (/). The later part of the
MSA in southem Africa includes two distinct
industries notable for their technological and be-
havioral innovation, the Still Bay (SB) and the
Howieson’s Poort (HP), which are found in di-
verse climatic and biogeographic contexts (Fig. 1).
SB flake-based technology includes finely shaped,
hifacially worked, lanceolate points that were prob-
ably parts of spearheads (2), whereas the blade-rich
HP is associated with backed (blunted) tools (3)
that most likely served as composite weapons,
made of multiple stone artifacts, and with tools
that differ from those in the SB. Evidence from
use-wear and residue analysis demonstrates that
the SB and HP weapons were hafted (4, 5). Re-
cent discoveries of associated bone points and
tools (6, 7), engraved ochres and ostrich egg-
shells (§-10), and shell beads (12, 12) validate
the interpretation of the SB and HP as innovative
(1). Increasingly complex technological and so-
cial organization, accompanied by expansion in
human populations and densities, is implied by
the use of bone tools, symbols, and personal or-
naments {/3). No consensus exists, however, on

1GeoQuEST Research Centre, School of Earth and Enviren-
mental Scences, University of Wollongong, Wellengeng,
Newv South Wales 2522, Australia. “Department of Statistical
Science, University College Londen, Lendon WCIE 6BT, UK.
fuiao Kuseums of Cape Tawn, Cape Town 3000, South Africa.
“Research School of Earth Sciences, Australian National
University, Canberra, Australian Capital Territory (ACT) 0200,
Australia. “Scheel of Archaeclogy and Anthropology, Ausiralian

the possible causes or consequences of these in-
novative technologies.

Genetic studies of expansions, migrations, and
isolations of modem human populations within
Africa (14, 15) and their initial exodus out of
Africa (16, I7) have been temporally associated
with the SB and HP (/3). The establishment of
evidence for these hypothesized connections, any
link to the origins of click languages (/8), and
putative technological responses to environmen-
tal pressures (/3) has been hindered by a lack of
reliable chronological control for the SB and HP.
Until now, it was not known whether these indus-
tries fell into two discrete periods of relatively short
duration or formed a continuum of longer duration.
These uncertamties persisted partly because of the
chronological “haze” resulting from different sites
being dated by means of different methods. Even
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for a single method, experimental factors typically
vary between dating laboratories, owing to the use
of different instruments, calibration standards, and
proced for sample L
and data analysis. Here we repori the results of a
systematic dating study, subcontinental in scope, of
the timing of the SB and HP.

We used single-grain optical dating (/9), com-
bined with statistical modeling, to determine the
time of deposition of the artifact-bearing deposits
at nine peographically widespread sites across
southemn Africa (Fig. 1) (20). Optical ages indi-
cate the burial times of artifacts in primary con-
text. We have minimized the extent of interfactorial
variance by holding the main experimental param-
eters constant and by having one operator (Z.1.)
make all measurements on a single instrument
and analyze the data using a common set of
procedures. Dating of individual sand-sized grains
of quartz allows a direct assessment of siratigraphic
integrity and of any evidence for sediment mixing,
so that both the accuracy and precision of the ages
are optimized (19).

Our survey includes “classic” MSA sites, which
we have redated (such as Klasies River), and SB
and HP deposits not dated previously. The coast-
line of South Africa is represented in our survey
(Fig. 1), as are near-coastal areas and the conti-
nental interior of Lesotho and Namibia to alti-
tudes of up to 1850 m. Most major present-day
climatic ranges and ecological zones are encom-
passed in our survey, but we recognize that the
position and extent of these biomes will have
varied during the late Pleistocene because of
changes in ocean/atmosphere circulation patiems
{21). Fifty-four sediment samples were dated
from stratigraphic units containing unambiguous
evidence for the HP (#=22) and SB (n = 4), and
from units immediately before (n = 10) and after
(n= 18) these industries. Details of sites, samples,

Fig. 1. Locations of sites
at which S8 and HP ar
tifacts have been found.
Solid circles indicate those
sites where HP deposits,
have been dated in this
study, whereas open dir-
cles with a central dot
denote study sites that
contain both dated SB
and HB industries. The
symbols x and + indicate
other knawn {or claimed)
occurrences of SB and
HP, respectively; these
sites may have associated
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p age esti-
mates. Also shown are
the modem rainfall zones:
winter (dark gray), all
year (medium gray), and
summer (light gray). Site
acronyms are defined

OCEAN

in (20).
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and dating procedures are given in (20). It is
unlikely that each site will cover the entire age
range of each industry, but we consider that
sufficient samples have been dated to recognize
chronological patterns for each industry. In par-
ticular, we have obtained reliable estimates of the
timing and duration of the HP.

The ages are summarized in Fig. 2. They are
plotted according to site location (west, or east
and south) to illuminate any tendencies for spatial

West Age © o
later MSA  KKH-8 333 11 13
post-HP AP-g 579 25 28

DRS-¢ 477 14 17
DRS-8 554 17 20
KKH—4 556 24 27
KKH-3 552 17 20
KKH-1 578 21 24
HP AP—4 632 18 22
DRS- 605 15 1.8
DRS-10 618 12 17
DRS-5 603 15 20
DRS4 581 15 18
DRS-7 613 14 18
DRS-11 633 17 21
KKH-5 647 27 30
KKH-6 597 25 27
KKH-2 660 32 34
KKH-7 640 25 28
pre-HP AP-5 669 22 28
SB AP-§ 707 21 25
DRS-13 708 1B 23
DRS-14 736 21 25
pre-SB DRS-15 849 24 29
DAS-18 924 42 48
DRS-17  BBE 40 44
East + South
later MSA  sEfH-4 316 12 14
SEH-3 aog 33 84
Sig-10 37 22 24
Sig-22 480 21 24
post-HP 2KR-5 579 18 23
MLK 500 16 18
NT-2 560 14 18
SEH-2 4865 23 25
SEH-1 576 20 23
SiB-9 567 17 21
ACC-5 560 23 28
HP ZKA-9 634 22 28
ZKR-10 655 18 23
ZKR- 641 22 26
MLK 610 21 25
NT-1 609 25 28
RCC-2 630 18 23
RGC-1 632 18 23
RCC-3 650 27 30
SIB-15 61.7 15 20
SiB-17 638 25 28
SIB-19 647 18 23
pre-HP ZKR-8 716 25 29
ZKR-4 721 31 34
MLK-2 785 26 3.1
SB SIB-20 705 20 24
pre-SB SIg-21 725 20 25
Si-24 732 23 27
SiB-23 72 21 28

variation across geographic and climatic bounda-
ries. No spatial patterns could be discerned, so
both data sets were combined for all subsequent
statistical analyses (20)). We determined, by max-
imum likelihood estimation, that the composite
data set is not consistent with a continuum of
ages between the SB and HP (P = 0.008) but
rather with a gap of 6.7 thousand years (ky) [95%
confidence interval (CI): 2.7 to 9.3 ky]. We then
estimated that the HP started 64.8 ka (95% CI:

HP SB

ottt

——-—

r T T T
30 40 50

T
80 70

Age (ka)

T 1
80 90 100

Fig. 2. Optical age estimates (ka) classified by region, archaeological association, and site. Samples are
listed in stratigraphic order within each site. Samples with the association “pre-HP" have been identified
as being before the start of the HP but not necessarily after the end of the SB. Standard errors 5, and o5
exclude and include, respectively, possible systematic error (any systematic error is the same for each
estimate and does not affect comparisons between estimates). Shaded boxes and error bars denote 50 and
95% Cls, respectively, calculated using ;. Intervals for samples from the HP and SB are highlighted in
black. Dotted lines indicate the start and end ages of the HP and SB, estimated separately for each region.
ZKR denotes samples from Klasies River; other site acronyms are defined in (20).

68.210 61.6 ka) and ended 59.5 ka (95% CI. 62.7
to 56.5 ka), with a duration of 5.3 ky (95% CI:
2,010 8.3 ky). The start and end ages for SB were
calculated as 71.9 and 71.0 ka, respectively, but
there are too few data to reliably constrain their
95% Cls 1o better than 4 to 5 ky. The current ages
are consistent with it being of short duration
(=<1 ky), but additional ages for the SB would
help refine this estimate. The 10 earliest post-HP
ages agree with a common value (56,5 ka; 95%
CI: 59.0 to 54.0 ka); assuming that this marks the
start of this period, we estimated a gap (7= 0.02)
of about 4.2 ky (95% CI: 1.9 to 6.6 ky) between
the end of the HP and the start of the post-HP
period (20). The Cls for all of the start and end
ages include a calibration uncertainty of 2%
({associated with the laboratory beta source}, but
this uncertainty does not apply to estimates of
duration (which are differences of ages).

‘Our SB and HP ages are plotted in Fig. 3 with
other chronological estimaltes obtained previous-
ly (table S1). For these comparisons, the total
uncertainty on the optical ages includes the cal-
ibration uncertainty of 2%. Nearly all of the pre-
vious HP ages are consistent with being inside
our estimated HP period, and all of the SB esti-
mates are consistent with a single common age
{20)). But our optical ages are more precise, being
compatible with the most accurate and precise
estimates available [from uranium-series dating
of speleothems (Fig. 3) and acid-base-wet oxida-
‘tion pretreatment with stepped combustion (ABOX-
SC) radiocarbon dating of charcoal from post-HP
levels at Border Cave (22)].

Southem Africa lacks continuous and well-
dated palecenvironmental records for the time
interval of interest across the full range of biomes
{21). But we argue against a substantial influence
of local- to regional-scale climatic variations on
the archacological record because HP and SB
sites cross-cut climatic and ecological zones. Ata
subcontinental scale, the climatic records identi-
fied in ice cores from West and Fast Antarctica
(23, 24) (Fig. 4) can be used for comparison,
bearing in mind the detailed differences in timing
and amplitude of changes in the Antarctic records
and the additional uncertainties associated with
extrapolating climatic changes in Antarctica to
southemn Africa. Although the HP occurred dur-
ing a period of climatic warming, this was also
the case for the late and final MSA occupations at
Sibudu (25, 26). The SB and post-HP periods
cannot be reliably associated with either warm or
cool intervals (Fig. 4). Accordingly, we cannot
identify any particular climatic atiribute that is con-
sistently and uniquely associated with any MSA
industry. Other differences also oceur; for exam-
ple, the SB coincided (within error) with the Toba
volcanic super-eruption (27) and with the end of
‘megadroughts in tropical Africa (28), whereas the
HP is not associated with any such known events,
Environmental factors may have been responsible
for episodic occupation and abandonment of rock
shelters (26), but they were not necessarily the
driving force behind technological change.
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The age and duration of the HP have been
long-standing topics of dispute {29). We have
resolved, with useful precision and over a broad
geographical range, start and end ages for the HP
(which is of sufficiently short duration that it
represents a marker horizon of about 62 ka for
southemn Africa), the probable brief duration of

Fig. 3. Radial plots compar-
ing age estimates of samples
from the HP and SB obtained
in different studies. Solid standardized
squares denote estimates eslimate
from this study presented in

Fig. 2, with precisions ob- +2

tained using o, (that is, in- 0
cluding possible systematic

error). Other symbols denote -2
estimates obtained indepen-

dently by various researchers
using different dating meth-
ods (table 51). Dashed lines
show the estimated start and
end ages of the HP period
and the midpoint of the SB.

+ o

the SB, and the existence of an age gap of several

millennia between the SB and HP. The cause of

these two bursts of technological innovation, close-
Iy spaced yet separated in time, remains an enigma,
as does the reason for their disappearance. But,
intriguingly, both fall within the genetic bottleneck
that occurred 80 to 60 ka and the subsequent ex-

Howieson's Poort 80

Shaded bands indicate +2 SE a
(for any age estimate) about : G’;“ still Bay '\/
each of these lines. Estimates v IRSL \ .75
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Fig. 4. Age estimates e . Ms-HP HP B
(with 95% CIs) from Fig. 2 1oy AN, T

plotted alongside oxygen  (v..,) g ‘f"‘k}‘)/wuf\'ﬁ'r W s f L “‘." oacler
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ice cores from Antarctica
(23, 24). Both records are
plotted on a common time
scale, achieved by syn-
chronization with Green-
land ice core data (24),
and the EDML data are

lowess-smoothed to 100- T
year resolution. Ages la-
beled “pre-HP" in Fig. 2
are omitted here, as they

0
Age (ka)
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pansions of modern human populations within
(14, 15y and out of (16, I7) Africa. Determining
whether the emergence of innovative technology
in southem Africa was a precursor to the latter
exodus (13}, or whether population expansions
were the stimulus for the SB and HP (15, 28),
requires that similar chronological data sets be
compiled and evaluated for comparable lithic
technologies in East and North Africa (30).
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Energy Uptake and Allocation

736

During Ontogeny

Chen Hou,™ Wenyun Zuo,? Melanie E. Moses,® William H. Woodruff,>*

James H. Brown,? Geoffrey B. West™*

All organisms face the problem of how to fuel ontogenetic growth. We present a model, empirically
grounded in data frem birds and mammals, that correctly predicts how growing animals allocate
food energy between synthesis of new biomass and maintenance of existing biomass. Previous
energy budget models have typically had their bases in rates of either food consumption or
metabolic energy expenditure. Our model provides a framework that reconciles these two approaches
and highlights the fundamental principles that determine rates of food assimilation and rates of
energy allocation to maintenance, biosynthesis, activity, and storage. The model predicts that growth
and assimilation rates for all animals should cluster closely around two universal curves. Data for
mammals and birds of diverse body sizes and taxa support these predictions.

he “food of life” and the “fire of life”—

the combustion of food to supply the

energy that fuels growth, maintenance,
and activity—is fundamental to animal sur-
vival (/). A large body of previous work used
energy budget models to understand ontoge-
netic growth (/-7). These models have contrib-
uted importantly to many conceptual and applied
problems, including life history theory, animal
husbandry, and biomedicine. Still largely missing,
however, is a complete quantitative framework that
specifies how food is transfonmed into metabolic
energy and stored biomass. Here, we present such
a framework, which quantifies explicitly how as-
similated food is transformed into biomass and
metabolic energy during ontogeny.

When an animal is growing, some fraction of
the assimilated food is oxidized 1o fuel the total
metabolic rate, By, whereas the remaining frac-
tion is synthesized and stored as biomass, § (Fig. 1).
Thus, the energy flux of assimilated food, A4, some-
times called the rate of intake of metabolizable
energy {1, 2), is expressed as

A= By + 8= By + E dmldt {1

where 4 is defined as the combustion energy
content of ingested food per unit time minus the
combustion energy content of excreta per unit
time, E, is the combustion energy content of a
unit biomass, and dm/dt is the rate of change in
biomass, m, at time, f.

We build on an ontogenetic growth model
(OGM), which specifies the allocation of meta-
bolic energy between growth and maintenance
and views the scaling of metabolic rate with body
size as the primary constraint on growth (7). Tt
partitions the basal metabolic rate, By, between

isanta Fe Institute, 1399 Hyde Park Road, Santa Fe, NM
87501, USA. “Depariment of Biology, University of New

the rate of energy expendinure to maintain the ex-
isting biomass, By, and the rate to synthesize the
new biomass, By, (Fig. 1% 50, Byaa = Basim
B = Bt + Edm/dt, where B, ~ M is the
mass-specific maintenance metabolic rate, M is
the adult body mass, and E, is the energy re-
quired to synthesize a unit of biomass.

It is difficult to measure By over ontogeny
because animals grow even while resting. There-
fore, for growing animals a more operational and
realistic parameter is resting metabolic rate, B.q,
which is the sum of By, and specific dynamic
action (SDA), the increment resulting from diges-
tion. SDA is the energy expended for intestinal
absorption, nutrient transport, amino acid oxida-
tion, and protein synthesis (8, 9). Because some
fraction of metabolic rate is allocated to SDA dur-
ing growth (8-11), we modify the OGM to obtain

Bres= Bunaie + Begn=Brm + Exdmldt (2}

where B, is larger here than in the OGM, which
ignored SDA.

It is important to recognize the difference be-
tween the terms S = E.dm/dt in Eq. | and B,,, =
Edmldl in Eq. 2 and, consequently, the differ-

ence between E,, and E,. Energy expended during
growth is partitioned between the energy content
stored in the newly synthesized biomass and the
energy expended in synthesizing this biomass
from the constituent materials. So, § is the rate of
accumulated energy content of new biomass, and
E, is its combustion energy content. On the other
hand, B, is the metabolic power expended on
biosynthesis, and E,, is the energy expended to
synthesize a unit of biomass. The term By, cor-
rtesponds to the organizational work of growth (2)
and is completely dissipated as heat, not conserved
in stored biomass. In the OGM, the energy ex-
pended on biosynthesis was incorrectly estimated
by using the empirical combustion energy (7).

For adult mammals and birds, the total meta-
bolic rate is typically referred to as field meta-
bolic rate, and the relationship between total and
resting meiabolic rates is expressed as By (M) =
BuoM) + Broa(M) = fBread M), where By is the
rate of energy expenditure for locomotion, feed-
ing, and other activities and £, the activity scope,
is a dimensionless parameter (/2-/4). In adult
endotherms, fis about 2 1o 3 and independent of
body mass (I2-14). Assuming that a similar
relationship holds during growth, we can write,
using Eq. 2, Budm) = fBrimlm) + fBymlm). We
define the dimensionless storage coefficient, v =
S/Beyn= Eo/Exy, as the ratio of the energy stored in
aunit of biomass to the energy expended to syn-
thesize this biomass. Substituting v and By, into
Eqgs 1 and 2 gives

A() = Buindm) + Bocdmi) + Boyulom) + S(m)
= (S 4 ¥)Bucar() = ¥Brnainm) 3

Equation 3 is quite general, independent of how
Brect, Binaine, 01 f scale with m. Empirical measure-
ments of metabolic rate over ontogeny and
theoretical evidence linking growth and metabo-
lism show that resting metabolic rate Byod{m) =
Bym™ over ontogeny, where By is constant for a
given taxon (14, 15). The mass-specific mainte-
nance rate, taking into account SDA, is B, =

Assimilation rate
of food (A)

2

Total metabolic
rate (B,

Rate of energy
stored (S=E, dnv)

)

'

|

Resting metabolic
rate (B_,)

Rate of energy for locomation
and other activities (B, )

Fig. 1. Partitioning of assimilated
energy during entogeny. Partitioning

Mexico, Albuquerque, NM 87131, USA. “Dep of
Computer Science, University of New Mexice, Albuquerque,
MM 87131, USA. “Les Alames Nafional Laberatory, Las

Alames, NM 87545, USA.

“To whom comrespondence should be addressed. E-mail:
houe@santafe. edu

P

Rate of energy
for maintenance
(B,

maint

6

=B,m) (8

syn

Rate of energy
for biosyntheses
=E, dm/dt)

between boxes 2 and 3 represents
Eg. 1, and partitioning between
boxes 6 and 7 represents Eq. 2.
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BoM ™ (7). The use of these scaling relations in
Eq. 3 vields

Al = (f+ y)Bon™ = yBo ™ 'm
= Beaaad (/10" = 0] )

where y (=m/M) is relative mass and B, st =
ByM" is the resting metabolic rate at the adult
size.

Noie that Eq. 4 predicis that during ontogeny
the food assimilation rate, 4, unlike metabolic
rate, does not obey a simple power law as a
function of body mass, m. This prediction is well
supported (/). In Fig. 2, we plot some examples
of the normalized assimilation rate (A/B; e sauy)
versus i for six different animals and fit the data
with Eq. 4. Values of f, y, and R® from the
nonlinear least squares regression for these and
several other bird and mammal species are in
table S1 (4). The storage coefficient, y = EJ/E,,
in principle be determined independently from
the energetics of biosynthesis. The energy content
of biomass, E,, averages about 24,000 J/ig for dry
mass (/6), with fourfold variation across verte-
brates of different taxa and ontogenetic stages
(17). In contrast to E, Fy,, the energy expended
1o synthesize a unit of biomass, is difficult o
determine empirically [but see (/4)]. Theoretical
considerations suggest that the average energy re-
quired for biosynthesis of macromolecules from
monomers is about 2400 Vg (14). This theoretical
value of E,, gives an upper bound of ¥ ~ 10, the
precise value depending on the additional energy

ded on biosynthest bolism, and ex-

m:rlion (3). For mammals and birds, v averages

about 3 and ranges from 1 to 9 depending on
species, diet, and age (3, 14, 18). This result is
consistent with values ranging from 0.8 to 7 for
fish, birds, and mammals estimated from the
OGM (14, 15). We estimated from food assimi-
lation that ¥ ranges from 0.6 to 5.3 with an
average of 2.71 = 1.18 (table S1), showing that,
despite some variation, the empirical measure-
ments are in agreement with the theoretical pre-
diction. Values of f vary somewhat, depending
on activity levels and behavior. The mean value
of f estimated from food assimilation is 2.67 =
0.61 (table S1), also in agreement with data for
adult mammal and bird species (/4).

When growth ceases, that is, p=1 (m = M),
Fq. 4 predicts that the food assimilation rate equals
the total metabolic rate, which scales with mass,
M. So, A is equal to fBpd™ across adults of
different species. Data for ad libitum energy in-
take from food of 120 species of zoo mammals
with body masses ranging from 0.025 kg to 3000
kg show A= 7.07M"", supporting the prediction
(14, 19, 20). Taking the average value of B, for
Testing metabolic rates of mammals, 3.92 Wikg™
(14), gives = 1.8. This is somewhat less than
that expected for wild animals, which may reflect
lower activity levels in captivity.

Our mode! predicts that growth rates of di-
verse animals should exhibit universal properties.
The fraction of energy assimilation rate allocated
1o growth is the sum of § and B,,. With Eq. 2
and the definition of v, this fraction becomes S +
Bon=(1+ 'y)E,.E.v,,M.(uw = ). If we normalize
this quantity with respect o (1 + ¥)Byesy, aaue, then
all animal species, regardless of taxon or adult

Fig. 2. Examples of nor- 30
malized assimilation rate 25 Ghicken Duck
as a function of relative =
body mass for six mam- 20 20
mals ar!d Iem:ls (squares). % 15
The solid lines are fits of f=3.08x 009
our model to these data 510 y=393x030 | 19 y=3.48 = 0.90
with use of Eq. 4. (Param- : 05{ B= 0.979
eters f and y were esti- gi 0.5
mated by using a nonlinear
least squares regression g 44 Pig 251 Squirrel monkey
method based on the £
Levenberg-Marquardtal-  § 20
gorithm.) The majorityof 5,
assimilation rate curves 'g' r=402£016 | 15 £=248 + 007
reported in the literature ’g 1 y=356x123 i y=306x 050
are monotonic, butafew, @ A*= 0988 i Af= 0985
including curves for fur- 3 ks '
bearers such as fox, are % " 211
peaked relationships (i4). £ 207 PY il
S 18
Z 15
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e f-2062004 | | f=2.18 £ 0.07
& y=256= 0.35 y=1.75z 050
- A= 0.988 09 { R=o0om

00 02 04 06 0B 10

00 02 04 06 0B 10
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‘mass, should fall on the same parameterless uni-
versal curve, u*’* — . This further predicts that
the maximum energy utilization rate for growth
occurs when dsu”‘ —w)/dul,_,, =0, which
gives lp = (3/4)" = 0.316. Equation 3 suggests a
way 10 test these predictions. If we subtract the
rate of metabolism for activity, B,, and mainte-
nance, B,y from the assimilation rate, A, the
difference gives the rate of energy assimilation
allocated to growth, S + By, This quantity, nor-
malized as above, is plotied as a finction of the
relative mass p in Fig. 3A. The normalized assim-
ilation rates for mammals and birds of widely
varying body sizes and taxa show such universal
properties, clustering closely around the pre-
dicted parameterless curve with a peak at ~0.316.

Additionally, the rate of energy allocation to
growth must be proportional to the growth rate,
dm/dr, so the universal curve and the value of
Yo = (3/4)" = 0.316 can be derived independently
from the g;mw‘d: rate equation, Eq. 2, dm/dt =
(BolEguyn™*[1 = (m/M)™™). This can be re-
expressed as YBo)d/dt = 1 — . Data
for normalized growth rates, (E M"Y Bo)divdL,
for diverse mammals and birds measured inde-
pendently from the above measurements of as-
similation rate support this prediction (Fig. 3B).
So, estimations from the rate of food assimilation
and the rate of change in body mass indepen-
dently predicted analogous universal curves with
amaximun at a normalized body mass of ~0.316.

The predicted allometric scalings of metabol-
ic energy allocation are summarized in Fig. 4A,
which shows the rates of food assimilation and
total, resting, and maintenance metabolism for
two individuals of different adult size depicted by
different colors. The figure illustrates the com-
plete energy budget during growth, 4 = By +
By + By + S, and allocation of energy at any
given size is shown by the colored vertical lines.
The assimilation rate, A, of a growing individual
does not scale as a power law with mass, whereas
its rates of total and resting metabolism, B, and
Bieg, both scale as m™* and its maintenance rate,
Bt = Bym, scales linearly, In contrast, for
adulis of different sizes, rates of assimilation and
total (dashed line) and resting (maintenance, solid
black line) metabolism all scale as A, Across
species of different adult masses, growth ceases
when all resting metabolism is allocated to main-
tenance (7) so that By = By, as indicated in
Fig. 4A (circles) representing two different adult
masses, M, and M>. Lastly, if otherwise identical
individuals vary in energy allocated to activity,
thereby having different values of B, and By,
they must compensaie by adjusting their assim-
ilation rates, A, if they are to mature at the same
adult mass, M.

One implication of the model is that when
two individuals with the same By, £, and y but
different adult body masses, M, and M (M, >
M), have the same body mass, m, durng
growth, the assimilation rate of the one with
the greater adult mass, M;, must be larger than
the one with the smaller adult mass, M, that is,

www.sciencemag.org SCIENCE VOL 322 31 OCTOBER 2008
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A(m, M) = AGm, My) oc (Mz7" = M, >0, assumed to have the same Bp, , and y as a  had the same body mass, m, during growth, the
To test this prediction, we plotted the assimilation  function of body mass m during growth. As  one with larger adult size (M) had a higher
rates of three pairs of closely related animals  illustrated in Fig. 4B, when members of eachpair  assimilation rate.
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Our quantitative, predictive model for the
energy budget of an individual during growth
differs from phenomenological models that fit
curves to data. It also differs from dynamic
energy budget theory (DEB), which assumes a
2/3 power scaling of food assimilation rate during
ontogeny, on the basis that energy uptake is lim-
ited by absorptive surface area, which scales like
any simple geometric surface (#). By contrast,
our mode! predicts that food assimilation rate
cannot have a simple power-law scaling relation
with body mass during ontogeny. Furthermore,
DEB assumes that food assimilation rate is supply-
limited, whereas our model views assimilation rate
as arising from the developing organism match-
ing food supply to metabolic energy demand.
Our model provides a point of departure for ad-
dressing pathological cases of imbalance between
supply and demand such as starvation or over-
eating. It captures the salient features of energy
acquisition and allocation during ontogenetic
development and quantitatively predicis univer-
sal assimilation and growth rate curves in agree-

ment with data for mammals and birds. How well
it captures the fundamental features of growth in
other organisms, such as ectothermic vertebrates,
insects, aquatic invertebrates, plants, and uni-
cellular algae and protists, remains to be seen.
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Experimental Evidence for Spatial
Self-Organization and Its Emergent
Effects in Mussel Bed Ecosystems

Johan van de Koppel,’* Joanna C. Gascoigne,® Guy Theraulaz,?
Max Rietkerk," Wolf M. Mooij,® Peter M. ]. Herman®

Spatial self-organization is the main theoretical explanation for the global occurrence of regular
or otherwise coherent spatial patterns in ecosystems. Using mussel beds as a model ecosystem,

we provide an experimental demonstration of spatial self

ion. Under hy

laboratory conditions, mussels developed regular patterns, similar to those in the field.

An individual-based model derived from our experiments showed that interactions between
individuals explained the observed patterns. Furthermore, a field study showed that pattern
formation affected ecosystem-level processes in terms of improved growth and resistance to
wave action. Our results imply that spatial self-organization is an important determinant of the
structure and functioning of ecosystems, and it needs to be considered in their conservation.

communities have been observed in arid
eccosystems (/-3), peat lands (), tidal
wetlands (5), mussel beds (6), and rocky shores
(7-9). These patterns are thought to result from
local, nonlinear interactions between organisms
or between organisms and the environment, de-

S elf-organized spatial pattems in ecological
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veloping even on completely homogeneous sub-
strates. Models predicted that selforganized
pattemns can affect ecosystem-level processes, for
instance, by improving resilience to perturbation,
resistance to environmental change, and pri

or secondary production (3, 6). Most studies of
self-organization in ecological systems com-
bine observational studies with mathematical
modeling (2, /0) or experimentally test the
mechanisms that underlie the self-organization
process (/1) Experimental demonstrations of
selforganization—as have been accumulated
for physical, chemical (12, /3), sociobiological
(I4), and microbial systems (15, /6)—are rare
for ecological systems (17, I8).

We investigated the origin of regular pat-
tems in beds of the blue mussel Mytilis edudis
({in the Menai Strait near Bangor, UK) on inter-
tidal flats under wind-sheltered conditions (/9).

M edhlis is a filter-feeding animal exploiting algal
plankton and detritus in the water column. Pat-
tems consist of regularly spaced clusters of 5 to
10 cm in width that form a coherent, labyrinth-
like pattern (Fig. 1A). In areas where musse! den-
sities are lower, clusters are more isolated (Fig,
1B), whereas beds are near-homogeneous in very
dense areas. Point pattem analysis based on
Ripley’s X (19) revealed clear, regularly spaced
mussel clusters of ~3 to 5 cm across at ~10 cm
distance from each other (fig. S1). Despite an
order of magnide difference in mussel bio-
mass at the scale of meters, we found no signifi-
cant difference in within-cluster biomass (fig. S2),
suggesting that mussels self-organize to a certain
local, within-cluster density, possibly to mini-
mize predation or dislodgement losses (20). This
concurs with a number of mathematical studies
pointing at the possibility of self organized pat-
tem formation in mussel beds (6-8) and ex-
perimental studies in other intertidal ecosystems
(18, 21). Because of their small spatial scale, fast
temporal development, and easy manipulation
and observation of individuals, mussel beds are
particularly suited for experimental testing of
self-organization principles.

We tested in the laboratory the hypothesis
that the observed pattems are self-organized and
hence would develop spontaneously from homo-
geneity. Mussels that were laid out evenly in
laboratory mesocosms developed coherent non-
random spatial patierns within a day. These pat-
tems were statistically similar to the pattems
observed in the field (Fig. 1, C and D; movie
S1; and see fig. S3, A and B, for a statistical de-
scription), When mussel densities in the labora-
tory were decreased, the spatial pattern became
more open and clumps became more isolated
(Fig. 1, E and F; movie S2; and fig. 83, Cto D),
as was observed under natural conditions (fig,
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S1). Pattern formation in our experiment can
only be caused by interactions between indi-
vidual mussels, as there was no heterogeneity
in substrate, suspended algal food, or initial
conditions.

To elucidate how interactions between in-
dividual mussels determine spatial pattern for-

Fig. 1. Pattern formation in mus-
sels in the field and under exper-
imental laboratory conditions. (A
and B) Small-scale, labyrinthlike
spatial patterning in beds of the
blue mussel i1, edulis, as observed
in the Menai Strait, near Bangor,
UK. Scale is ~1.5 m wide. (C to F}
Mussels that were laid out evenly

Patterns observed in the field

mation, we traced the movement of individual
mussels during our experiments, and we related
‘movement characteristics to the local density of
conspecifics. The resulting description of mussel
‘movement was incorporated into an individual-
based model (IBM) to test if this description
is sufficient to explain the observed patterns

under controlled conditions on a ho-
mogeneous substrate developed
spatial patterns similar to those in
the field within 24 hours. () and
(D) versus (E) and (F): initial density
of 6.0 and 3.8 kg/m”, being ~1850
and ~1200 individuals, respective-
ly. Images in (C) to (F) represent a
surface of 60 x 80 cm. The de-
velopment from (O to (D) and (E)
to (F) is shown in movies 51 and 52
in the supporting online material

Time =0 hr

Time = 24 hr

(22, 23). At first, our analysis revealed a strong
negative effect on movement of mussel den-
sities in the direct neighborhood: Mussels moved
less when surrounded by conspecifics (Fig. 2A).
‘When this relation was included in the IBM,
however, no regular patierns were produced
after a day of simulation time (Fig. 2B and fig.
S4A), and in the long run, the model predicted
the formation of a few large clusters of mus-
sels, distinetly different from what we had ob-
served in the field and our lab experiments. This
difference implies that additional behavior pre-
vents the formation of such large clusters and
possibly that mussels decide to move when
cluster size becomes too large. This idea was
confimed by a multiple generalized linear mod-
el (GLM) analysis of the relationship between
‘movement speed and mussel density that con-
sidered a range of scales: Apart from a clear
negative effect of mussel density in the neigh-
borhood on movement at a scale of 1.87 cm,
we found a strong positive effect on movement
at a scale of 7.5 an (Fig. 2, C and D). Hence,
mussel movement appeared to increase again
when clusters became very large. When we in-
corporated this new relationship in the TBM,
the model correctly predicted the observed pat-
tems (Fig. 2E and see fig. 84 for a statistical
characterization).

Qur laboratory observations show that a
scale-dependent feedback to the processes of
aggregation (Fig. 2, C and D) explains the for-
mation of patterns: Movement decreases when
mussels aggregate to form small-scale clusters,
attaching themselves to each other with byssal

Fig. 2. Observed relationships between local mussel density
and movement speed of mussels (left panels) and simulation
results of |BMs that incorporate these relationships (right
panels). (A) Relationship between movement speed of a
particular tracked mussel and neighborhood cover within a
1.87-cm radius. The dashed line represents a univariate GLM
fit with exponential distribution: p = 1(7.73 + 14.69 Cy57);
intercept: z = 42.39, P < 0.001; C, gy-coefficient z = 22.09, P <
0.001; N = 4408. (C and D) Residual deviance from a multiple
GLM regression: i = 1/(8.21 + 23.02 Cygy — 1938 Crsok
intercept: 2 = 42.89, P < 0.001; Cy grcoefficient z = 23.19, P <
0.001; Gy socoefficient z = —11.76, P < 0.001; N = 4408. (O
Relationship between residual movement speed and neighbor-
hood cover within 1.87-cm radius after removal of the effect of
cover within 7.5-cm radius. (D) Relationship between residual
movement speed and neighborhood cover at within 7.5-cm
radius after removal of the effect of cover at 1.87-cm radius. (B
and E). An IBM simulation with 2025 (45 x 45) mussels with
movement characteristics based on the single-regression fit did
not reproduce the after a 1-day simulati
whereas the model based on the multiple regression fit closely
reproduced the patterns observed in the laboratory experiment.
Error bars indicate SEM.

Observed movement-cover relation
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Fig. 3. Relationship between (A) cluster size and the movement speed of mussels and (B) mussel
movement speed and addition of algae to large clusters of mussels. (A) Mussel movement speed initially
decreases with cluster size but increases again when cluster size is increased from 32 to 128 individuals.
(B) Supply of suspended algal food to clusters of 128 individuals decreases the movement speed
significantly. The flushing treatment, a procedural control in which filtered seawater was supplied to
mussels at the same rate as the algal supply treatment, was found to differ significantly from the algal
supply treatment but not from the control treatment, indicating that the effect is caused by algal
supply, not by flushing with seawater. Overall effects: (A) One-way analysis of variance (ANOVAY: F3107 =
1159, N = 107, P < 0.001; (B) one-way ANOVA: F».q= 7.68, N = 48, P = 0.001. Error bars represent
SEM, whereas the characters on top of the bars denote significant differences based on Tukey's honest

significant difference.

threads to prevent predation or dislodgement,
providing a positive feedback to the development
of such small aggregates. When further aggrega-
tion leads to the formation of large-scale clusters,
movement increases again, creating a negative
feedback to further aggregation. This last mech-
anism is potentially related to competition be-
cause of the depletion of suspended algal food
within the aggregates (24). Together, these mech-
anisms obey the general principle of scale-
dependent activation-inhibition, which has been
proposed 1o explain pattem formation in mor-
phogenesis {25, 26). We further investigated this
hypothesis by determining the average move-
ment speed of mussels in artificial clusters of
2, 8, 32, and 128 mussels. Our experiment re-
vealed that mussel movement speed decreased
with cluster size from 2 up to 32 mussels, but
it increased again from 32 to 128 mussels per
cluster (Fig. 3A), in agreement with the gen-
eral principle of scale-dependent activation-
inhibition. When suspended algal food was
supplied to the center of large clusters of 128
individuals, movement dropped significantly,
suggesting that algal depletion inhibits the for-
mation of large clusters (Fig. 3B). This implies
that mussels respond to both the local density
of conspecifics within range of their foot (e.g.,
touch) and 1o the local availability of algal food.
No evidence was found that other chemical sig-
nals influenced mussel movement in our exper-
iments (19).
We performed a field study to investigate the
effects of self- ized pattem for-
mation on the growth and survival of mussels
under field conditions at the intertidal flats in the
Menai Strait. At one location, fishermen seeded
part of the intertidal flats with mussels of ~2 cm
in size, 3 weeks before our field smdy. We ob-
served strong variation in mussel density on the
tidal flat, probably resulting from varation in
seeding intensity. Mussel biomass on a square-

meter basis was 20 to 30 kg fresh weight per
square meter for dense homogeneous beds, 5-
to 20-kg/m? for pattemed heds, or <5 kg/m® for
beds with isolated clumps. Our experiments re-
vealed that mussels that occurred in isolated
clumps had grown significantly more over these
3 weeks than those that occurred in dense, near-
homogeneous beds (Fig. 4A), probably because
of reduced competition. Mussel growth in pat-
temed beds was significantly higher than in
dense, near-homogeneous beds, but not signif-
icantly different from isolated mussels.

To investigate the effects of spatial pattems
on persistence of mussels within the beds, we
released 10 painted mussels in a group on open
sediment, in pattemed beds, and in dense near-
homogeneous beds. After a week, >80% of the
mussels were recovered from the dense bed,
whereas <20% of the mussels on the open sedi-
ment remained (Fig. 4B). The local persistence
of mussels released in patierned locations was
significantly higher than those released as iso-
lated clumps, but it did not differ significantly
from those in dense beds. Experiments with
‘mussel mimics (empty musse! shells filled and
glued together with Blu-tac paste) yielded very
similar results, indicating that most likely, phys-
ical disturbance due to water flow or wave action,
rather than predation, is the cause of difference
in persistence in dense or pattemed musse! beds,
as compared with the open arcas. Hence, our
experiments revealed a marked emergent ef-
fect of spatial patterns in mussel beds: It al-
lows for high resilience of mussel beds to wave
action and water flow and for high individual
growth by reducing the effects of competition,
properties that are incompatible in homoge-
neous beds.

Our results show that simple rules govern-
ing individual behavior of mussels explain the
formation of spatial patterns at the population
level, Spatial patterns were found to result from
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Fig. 4. Differences in (A) individual grouth in terms
of established size (Kruskal-Wallis rank sum test:
#2 = 23.60, N = 800, P < 0.001) and (B) persist-
ence of mussels between dense, near-homogenous
beds, pattemed beds of intermediate-density, and
low-density beds consisting of isolated clumps (one-
way ANOVA: Fo3p = 20.05, N = 30, P < 0.001).
Error bars represent SEM, whereas the characters on
top of the bars denote significant differences
between the treatments based on pairwise Mann-
Witney U test for (A) and Tukey's honest significant
difference post-hac analysis of variance for (B).

the interplay of positive and negative interac-
tions between individual mussels at different
spatial scales (/8). Both growth and survival
of mussels were found to be high in a patierned
bed, a combination that cannot be achieved in a
homogeneous bed. Hence, this is an emergent
property of the spatial pattem, translating indi-
vidual behavior to the functioning of mussel
beds at the leve! of the population and ecosystem.
This result has implications for our understand-
ing of ecosysterns, by showing that self organized
spatial patterns can determine their functioning,
confiming the predictions of many conceptual
(27) and theoretical studies (3, 6, 28). This is
relevant to the conservation of many natural eco-
systems, such arid ecosystems where human dis-
turbance of spatial vegetation patchiness increased
the loss of water from the landscape, leading to
decreased productivity (29).
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Natal Homing and Connectivity in
Atlantic Bluefin Tuna Populations

Jay R. Rooker,™t David H. Secor,’ Gregorio De Metrio,” Ryan Schloesser,

Barbara A. Block," John D. Neilson®

Atlantic bluefin tuna populations are in steep decline, and an improved understanding of
connectivity between individuals from eastern (Mediterranean Sea) and western (Gulf of Mexico)
spawning areas is needed to manage remaining fisheries. Chemical signatures in the otoliths of
yearlings from regional nurseries were distinct and served as natural tags to assess natal homing
and mixing. Adults showed high rates of natal homing to both eastern and western spawning areas.
Trans-Atlantic movement (east to west) was significant and size-dependent, with individuals of
Mediterranean origin mixing with the western population in the U.5. Atlantic. The largest (oldest)
bluefin tuna collected near the northern extent of their range in North American waters were
almost exclusively of western origin, indicating that this region represents critical habitat for the

western population.

arvest strategies for marine fishes depend

on fundamental assumptions about their

complex life cycles, and management is
often based on the “unit stock concept”” which
relies on the phenomenon of natal homing {return
1o spawning area) and limited or structured con-
nectivity between populations (/). For Atlantic
bluefin tuna, these assumptions are important be-
cause spawning populations in the westem At
lantic are at 10% of the biomass prevailing when
industrial fishing began, and recovery is con-
founded by trans-Atlantic movement across in-
temational jurisdictions (2). In assessments and
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management activities, the International Com-
mission for the Conservation of Atlantic Tunas
(ICCAT) has assumed that Atlantic bluefin una
occur as two discrete populations that originate
cither in the Mediterranean Sea or the Gulf of
Mexico; members of either population can un-

Fig. 1. Otolith 5*°C and 5*°0 values
for yearling Atlantic bluefin tuna col-

dertake trans-Atlantic migrations, but adults will
return to natal spawning regions; and trans-
Atlantic migrations are relatively small in num-
ber, justifying the use of two broad management
regions east and west of 45°W longitude. Despite
four decades of regulation by ICCAT, bluefin
tuna populations remain severely depressed, caus-
ing many to question the effectiveness of the
current management regime (3, ). Although
recent el ic tagging data d d evi-
dence for spawning site fidelity (i.e, return of
adults repeatedly to the same spawning region)
(5), the degree of natal homing in the populations
and rate of exchange between eastem and west-
em populations is unresolved. Without data on
population structure and movement, there is no
‘biological rationale for spatially explicit manage-
ment, and thus rebuilding plans may be predis-
posed to fail.

Several approaches have been used to exam-
e the population structure of Atlantic bluefin
tuna (2}, of which chemical traces in otoliths (ear
stones) have considerable potential for quantify-
ing natal homing and connectivity because oto-
lith material deposited during the first year of life
serves as a natural tag of the individual’s place of

lected from 1999 to 2004 in the east- =

em Atlantic Ocean/Mediterranean
Sea (blue triangles) and western
Atlantic Ocean (red triangles). Gaus-
sian bivariate ellipses fone standard
deviation of the mean) and normal
distribution curves are shown. Year-
lings ranged in age from 12 to 18
months. Two regions of the eastern
Atlantic Ocean/Mediterranean Sea
were sampled over the 6 years: the
eastern Atlantic Ocean (Cantabrian

hiEle:

A

-10
Sea; 2000, 2001, and 2002) and the =28

western/central Mediterranean Sea

-20 -15 1.0

5 -
§'%0

(Ligurian Sea to Adriatic Sea; 1999, 2000, 2002, 2003, and 2004) (7 = 113). In the continental shelf waters
of the U.S. Atlantic Ocean, yearlings were collected from Maryland to Massachusetts over a 6-year period (n = 81}

[see S8 in {8)].
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origin or nursery habitat (6, 7). We determined
the arigin of bluefin tuna by means of carbon and
oxygen stable isotope ratios (8'°C and §'°0) in
otoliths [see S1 in (§)). Stable isotopes in otoliths
and other biogenic carbonates represent a class of
chemical tags for which associations with water
mass properties are well understood (9). Global
records of surface water stable carbon and oxy-
gen isotopes indicate these natural markers vary
regionally (10), and in otoliths these isotopes of-
fen serve as natal tags because they reflect water
composition differences in nurseries, although
fractionation due to kinetic and metabolic effects,
particularly for §'*C, can influence isotopic com-
position ({1).

The isotopic composition of otoliths from
yearling (12 to 18 months of age) bluefin tuna
was measured for individuals collected over 6
vears (1999 to 2004) from both easten (Mediter-
ranean Sea/eastern Atlantic Ocean) and western
(Gulf of MexicoU.S. Atlantic Ocean) nurseries
(Fig. 1). Otolith composition was distinct between
vearlings from easter and western nurseries [mul-
tivariate analysis of variance (MANOVA), P <
0.01; based on pooled years], and otolith 50
was significantly higher for yearlings from the
eastemn nursery in five of the vears (all except
2001). Mean (SD) otolith 8'*0 values for the
castern and western nurseries were —0.89% (0.23)
and ~1.66%. (0.37), respectively. No significant

Fig. 2. Box ealots showing  Guif of Mesica —m—

otolith core 5'°0 values of (™™

school (<60 kg), medium  faiang o """ I

(60 to 140 kg), and giant B of Mo — 11—

(>140 kg) category Atlantic e Bight —

bluefin tuna from spawning ~ (Giant)

areas (Mediterranean Sea, M ftartic Bight —

Gulf of Mexico), and foraging iy auanic signt — =T

areas (Gulf of St Lawrence, ~(Sehool

Gulf of Maine, Mid Atlantic  Medtaraneon Sea —
Bight). Interquartile range  aditarranean Sea _n_
(25th and 75th percentile) js ~ (Medium)

shown by exent of boxes, m
S eFios bas e L -20 -18 -6 -1.4 ;:;O -10 -08B -06 -04

and 90th percentiles. Median

(50th percentile} and mean values are shown in boxes as black and white lines, respectively. Collection dates:
Mediterranean Sea (2003 to 2007), Gulf of Mexico (2004, 2007), Gulf of St. Lawrence (2006 to 2007), Gulf of
Maine (1996, 1998), Mid Atlantic Bight (1997 to 2000).

Fig. 3. Estimates of natal origin for
school (5), medium (M), and giant
(G) category Atlantic bluefin tuna
from spawning areas (Mediterra-
nean Sea, Gulf of Mexico) and
foraging areas (Gulf of St. Lawrence,
Gulf of Maine, Mid Atlantic Bight).
Contribution rates (percentages) were o
determined by comparing milled
otolith cores (correspands to yearling
period) to a baseline sample from
eastern and westem nurseries (east +
west = 100%). Assignment to either (
eastern or western nursery was based
on maximum likelihood estimations.

SN

N

| [ westorn origin
Eastorn origin

(1

i~

o R o -

Standard deviations (SD) were ex-
pressed as | of esti

proportions. Size classes were ap-
proximated based on weight or age
(actual or derived from length):
giant (>140 kg, = age 10 years),
medium (60 to 140 kg, age 510 ¢
years), and school (<60 kg, < age 5
years} category bluefin tuna. Per-
centage contribution of “western
population” and standard deviation

(SD) around estimated proportion
per region and size category: Gulf

of Mexico [giant: 99.3% (SD 1.7%), n = 42; Mediterranean Sea [giant 4.2% (SD 3.1%), n = 94;
medium: 4.2% (SD 4.4%), n = 38]; Gulf of St. Lawrence [giant: 100% (SD 0.0%), n = 38]; Gulf of Maine
[giant 94.8% (SD 5.3%), n = 72]; Mid Atlantic Bight [giant 64.9% (5D 21.9%), n = 12; medium: 55.7%
(SD 10.4%), n = 56; school: 42.6% (7.2%), n = 86].

REPORTS I

differences in otolith 3'*C values were observed
between eastem and western bluefin tuna in
five of the six years sampled (exception 2002,
ANOVA, P<0.03) (Fig. 1). Using quadratic dis-
criminant function analysis (QDFA) parameter-
ized with otolith §”°C and "0 values from all
year classes, cross-validated classification suc-
cess to eastern and western nurseries was high
(87%), indicating that stable isotopes were useful
markers of natal origin for bluefin tuna [see 82 in
&)

Milled cores of otoliths were used to represent
the yearling period of school (<60 kg), medium
(60 to 140 kg), and giant (>140 kg) category
bluefin tuna [see 83 in (§)]. and maximum like-
lihood estimates were generated using a mixed-
stock algorithm [see S4 in (8)] (/2) to assign
individuals to eastem and westemn nurseries.
Although the temporal stability of the primary
marker, §'°0, justified the pooling of years for
establishing a baseline, temporal variability in
otolith core §7C or §'°0 values was investigated
because our calibration set of juveniles (baseline)
did not match our adults. No differences were
detected in otolith core §'%0 values between
bluefin tma with birthdates before or during our
baseline period in either region, suggesting that
the otolith 5'*0 composition remained relatively
constant over the investigated [see S5 in
(8)). Changes in 8'°C values in otolith cores were
detected, and depletion levels for §'C were sig-
nificant and similar to reductions reported in the
oceans due to release of CO; from the hurnm%
fossil fuels (Suess Effect) (13). Otolith core &
values were adjusted to account for such tem-
poral variation, but estimates of origin were com-
parable to nonadjusted values [see S6 in (§)].

Natal homing, defined as the return of
spawning adults to their region of origin, was
high and remarkably similar for both eastern and
weslem spawning regions: 95.8% for the Med-
iterranean Sea and 99.3% for the Gulf of Mexico
[see S7 in {(§)]. This work comoborates earlier
indications of spawning fidelity from electronic
tagging data that showed return migrations of both
Mediterranean (5) and Gulf of Mexico (5, 14)
spawners over multiple years. Additionally, ge-
netic differences have been ohserved between
juveniles collected from the two regions (/5).
Documentation of natal homing in marine ver-
tebrates is rare, and the size of natal areas for
bluefin tna are much larger than in systems
where homing is better known (e.g., streams,
lakes, and estuaries). Nevertheless, rates of return
1o eastemn and westemn spawning areas by Atlantic
bluefin tuna populations are at the upper end of
ranges reported for teleosts, rivaling those of
Pacific salmon (/6). Although we could not docu-
‘ment repeat spawning in this particular applica-
tion, long-term archival tag deployments provide
evidence of bluefin tma returning to the same
spawning sites over consecutive years (2, 5).

Estimates of natal origin from otolith chem-
istry indicate that mixing occurs in North Amer-
ican waters, and our data confirm that US,

of
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commercial and recreational fisheries are com-
posed of both populations of bluefin tuna (Fig.
2). A large fraction of the schoo! (57.4%) and
medium (44.3%) category bluefin tuna present in
the U.S. waters of the Mid Atlantic Bight were
from the eastern population, and we observed
that the occurrence of eastern bluefin tuna in the
Mid Atlantic Bight decreased with increasing
size (age) (Fig. 3). Our estimates of trans-Atlantic
exchange were significantly higher than previous
reports from conventional tags (3) and demon-
strated substantial intermingling of individuals
from eastern and western populations in U.S.
waters, a finding supported with recent evi-
dence from electronic tags {5). In contrast, giant
category bluefin tuna collected from northern
U.8 (Gulf of Maine) and Canadian (Gulf of
St. Lawrence) fisheries were almost entirely of
westemn origin (94.8% and 100%, respectively).
The mechanism(s) responsible for differences
in stock composition of bluefin tuna samples from
Mid Atlantic Bight {mixed populations) and Gulf
of Maine/Gulf of St. Lawrence (westem popula-
tion) waters appears related to size (age) or
reproductive state. The majority of our sample
from the Mid Atlantic Bight was composed of
adolescent bluefin mna (<5 years of age), and
tagging studies have demonstrated that young
bluefin tuna are more likely to display trans-
Atlantic movements that are linked to foraging
than are adults (2). Ontogenetic shifis in disper-
sive behaviors often occur for marine veriebrates
displaying natal homing, with exploratory move-
ments iated with foraging d ing at the
onset of breeding (17, /8). Similarly, our finding
of stock homogeneity of giants (>140 kg, >10
years of age) in the Gulf of Maine and Gulf of St.
Lawrence, and increasing contributions from the
western population with age in the Mid Atlantic
Bight, suggests that movement becomes more
limited and structured after bluefin tuna become
sexually mature.

Significant trans-Atlantic mixing of eastemn
adolescents on westem foraging areas empha-
sizes the comnectivity of Atlantic bluefin tuna
populations. Under the current assessment frame-
work that assumes limited mixing, a high degree
of exchange evident from chemical signatures in
otoliths indicates that past abundances of westemn
Atlantic bluefin tuna may have been overesti-
mated, particularly at younger age classes. In addi-
tion, exchange rates reported here show that U.S.
fisheries for bluefin tuna appear dependent, to
some extent, on recruits from the Mediterranean
Sea. Because the eastern population is at least an
order of magnitude higher in abundance than the
weslem population (/9), it is unlikely that west-to-
east movement of adolescents from the western
population contribute significantly to Mediterra-
nean and other eastern Atlantic fisheries. Of greater
concern is that adolescents from the western popu-
lation show similar eastward dispersive behaviors
across the 45°W management boundary. If this
occurs at rates observed here for eastern adoles-
cents, the smaller, less productive westem popula-

tion will be disproportionately affected by higher
fishing rates in the easiem management zone.

The disparity between the eastern and western
population sizes and the continued decline of the
western stock suggests that some added level of
protection is needed to ensure the sustainability
of the smaller western component. Natal homing
rates reported here were remarkably high to both
regions and clearly show that the contribution of
eastern adults to the westemn spawning arca is
inconsequential. Thus, spawning adults in the
Gulf of Mexico appear to be entirely of western
ongin, and this region should be given high pri-
ority for conservation. High comnectivity be-
tween foraging areas in the Gulf of Maine/Gulf of
St. Lawrence and the Gulf of Mexico was also
observed, signifying that this region of the north-
em Atlantic represents critical refugia for western
giants. Due to the condition of the westemn popu-
lation, a more conservative rate of exploitation of
bluefin tuna, inclusive of eliminating bycatch in
the Gulf of Mexico, will be required for the
recovery of this population,
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Glia Are Essential for Sensory Organ
Function in C. elegans

Taulant Bacaj,* Maya Tevlin,* Yun Lu, Shai Shahamt

Sensory organs are composed of neurons, which convert environmental stimuli to electrical signals,
and glia-like cells, whose functions are not well understood. To decipher glial roles in sensory
organs, we ablated the sheath glial cell of the major sensory organ of Caenorhabditis elegans. We
found that glia-ablated animals exhibit profound sensory deficits and that glia provide activities
that affect neuronal morphology, behavior generation, and neurcnal uptake of lipophilic dyes. To
understand the molecular bases of these activities, we identified 298 genes whose messenger RNAs
are glia-enriched. One gene, fig-1, encodes a labile protein with conserved thrombospondin TSP1
domains. FIG-1 protein functions extracellularly, is essential for neuronal dye uptake, and also affects
behavior. Qur results suggest that glia are required for multiple aspects of sensory organ function.

lia, the largest cell population in verte-
that: nervous systems, are implicated in

processes governing nervous system de-
velopment and finction (f). However, the functions
of few glial proteins are characterized. Astrocytic
glia are ofien positioned near synapses and can re-
spond to and participate in synaptic activiy (2, 3),
influencing the response of postsynaptic cells to
presynaptic stimulation {4).

Sensory neurons convert environmental stimuli
into neuronal activity, and their receptive endings
are often associated with glia, such as retinal pig-
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mented epithelial cells and Miiller glia or olfac-
tory ensheathing cells. Because sensory neurons
are postsynaptic to the environment, their asso-
ciated glia may affect sensory activity in ways
analogous to synaptic astrocytes.

Sensory organs are conserved structures, ex-
hibiting morphological, finctional, and molecu-
lar similarities among diverged species (5). To
understand glial contributions 1o sensory neuron
functions, we studied the largest sensory organ of
the nematode Caenorhabditis elegans, the am-
phid. This organ mediates responses to chemical,
thermal, and tactile stimuli, promoting attractive
and repulsive behaviors that are easily assayed.
Each of the bilateral amphids comprises 12 neu-
rons extending ciliated dendrites to the anterior
tip {5). These neurons can be grouped based on
association with the single amphid sheath glial
cell: The dendritic receptive endings of four neu-
rons are entirely surrounded by this glial ccll ina
hand-in-glove confi ion, whereas
ciliaare mcascd in a channe! formed by the same
glial cell and are exposed, through a pore, to the
outside environment (5, 6) (fig. S1).

We ablated sheath glia in firsi-stage larvae,
after the amphid had formed, by either using a
laser microbeam (7) or expressing the diphtheria
toxin A gene from a sheath-glia-specific pro-
moter (§). Ablation success was monitored by
disappearance of a glia-specific green fluorescent
protein (GFP) reporter, and by electron micros-
copy (EM) reconstruction of amphid sensory end-
ings. We first examined the glia-embedded sensory
neurons AWC, AWA, and AWB. Animals with
bilateral sheath-glia ablation display severe de-
fects in AWC-mediated chemotaxis toward benzal-
dehyde or isoamyl alcohol (9) (Fig. 1A), behaving
comparably to che-2(ef033) mutants, which lack
functional sensory cilia ({¢f). Similarly, ablation
also reduced chemotaxis toward AWA-sensed odor-
ants (Fig. 1C). By contrast, AWB function was not
affected by sheath glia ablation (Fig. 1E).

To confimm these neuron-selective effects of
glia on odortaxis, we expressed the ODR-10 di-
acetyl receptor, normally found only in AWA (1f),
also in AWB neurons. As previously described
(12}, animals expressing ODR-10 in both neu-
rons are less attracted to diacetyl than wild-type
animals, reflecting the opposing behavioral outputs
of these neurons (Fig. 1G). However, consistent
with a defect in AWA, sheath-glia ablated animals
expressing ODR-10 in both newrons are repelled
by diacetyl (Fig. 1G). In glia-ablated animals, the
extracellular environment of AWA and AWB is
identical. The normal AWB respanse, therefore,
suggests that odorant molecules can access and
interact with odorant receptors in the absence of
glia and that the presence of glia is required for
integrating opposing environmental stimuli.

We also examined thermotaxis, a behavior me-
diated by the AFD sheath-glia embedded neuron.
Whereas wild-type animals seek their cultivation
temperature on a thenmal gradient (13, 14), inacti-
vation of AFD by cell ablation or by the #te-J(p767)
mutation results in eryophilic/athermotactic behavior

(I4). Sheath-glia ablation does not seem to eliminate
AFD function but results in thennophilic behavior
(fig. S2), suppressible by v-1(p767) (fig. S2D).
The ciliated sensory receptive endings of AWC,
AWA, AFD, and 1o a lesser extent AWB, were
defective in sheath-glia ablated animals (Fig. 1).
Sheath-glia ablation resulted in complete loss of the
AWC wing-like cilium structure (Fig. 1B) (n >100),
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and expansion of this structure in dauer animals
was also blocked (fig. $3) (n = 2). Similarly, the
‘highly branched processes of the AWA cilium were
largely eliminated in sheath-glia ablated animals
(Fig. 1D) (n = 10), as were the microvilli-like ex-
tensions of the AFD sensory ending (Fig. IH) (n=
15). Ciliary localization of olfactory signaling pro-
teins, including ODR-10 (AWB, Fig. 1F; AWA,

F
Wt no glia

Fig. 1. Glia are required for behavior and dilium structure. (A) Glia-ablated animals have defective AWC-
mediated odortaxis toward 1% isoamyl alcohol (laa) and 0.5% benzahldehyde (B2), P < 0.001 (Student's
ttest). (B) A wild-type AWC cilium (red, odr-1::RFP) ensheathed by an amphid sheath glia (green, vap-1:GFP).
Glia ablation in the contralateral amphid results in an amorphous cilium. Anterior, up. Scale bar, 5 pm.
(€) Glia-ablated animals have defective AWA-mediated odortaxis toward 1% methyl pyrazine (Pyr) and
0.1% diacetyl (Dia), P < 0.001. (D) Glia removal decreases AWA cilium branching (odr-3:0DR-3p::GFP).
(E) Glia are not required for AWB function, 10% 2-nonanone avoidance. (F) AWB cilium morphology
appears grossly normal, although additional branching and failure of the two cilia to spread is often
observed (str-1::0DR-10:GFP). (G} Animals expressing ODR-10 in AWA and AWB (AB) are attracted to
diacetyl. However, dual-sensing animals lacking glia are repelled. (H) EM showing absence of AFD
microvilli-like projections (arrowheads} in glia-ablated animals. Scale bar, 0.5 um. WT, wild type; no glia,
diphtheria-toxin-ablated glia; che-2, che-2(e1033} mutants; error bars, SD of 12 or more assays.
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AWC, fig. $4), the G-alpha protein ODR-3 (AWA,
Fig. 1D), and the cyclic-nucleotide-gated channel
subunit TAX -4 (AWC, fig. $4), was unaltered.
We next examined behaviors mediated by am-
phid channel neurons. Sheath-glia ablation com-
pletely blocked chemotaxis toward NaCl (Fig. 2A),
a behavior mediated by the ASE neurons (/5).
Avoidance of a high osmolarity barrier, mediated
by ASH (16), was also entirely abrogated (Fig. 2B),
as was long-range avoidance of 1 -octanol (Fig. 2C),
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Fig. 2. Glia affect channel neuron function but not morphology.
(A) Glia-ablated animals fail to detect 0.2 M NaCl (P < 0.001), an
ASE-mediated behavior. (B) Glia-ablated animals fail to avoid a
4 M fructose ring (P < 0.001), an ASH-mediated behavior. osm-6,
osm-6(p811) mutants. (C) Glia-ablated animals fail to avoid 1-octanol
in a long-range assay (P < 0.001), a behavior partially mediated by ADL.
(D and B) The morphology of amphid channel neurons is not
affected by glia removal. ASER, gcy-5::GFP; ADF, T08G3.3::RFP).
Scale bar, 5 um. (F) Glia are required for neuronal uptake of Dil
(red). Only the right amphid sheath glia is ablated. AWC (green, odr-
I:YFP) indicates the location of the dendrite bundles. Error bars, SD

of 12 or more assays.

a behavior mediated in part by ADL (/2). Sur-
prisingly, sensory ending morphology, length, and
miicrotubule organization of all channel neurons
appeared normal in ablated animals (Fig. 2, D and
E, and fig. S1). Furthermore, ciliary localization of
intraflagellar transport components (CHE-11,
DYF-11), or of ODR-10, expressed in ASH, was
not disrupted by sheath-glia ablation (fig. $4).
We used G-CaMP to examine Ca™" level
changes in ASH in response to high osmolarity.
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Fig. 3. Glia are required for Ca®*

G-CaMP fluorescence, ASH responds to application and removal of 1M
glycerol (17). Shaded region, stimulus duration. (B) ASH fails to respend

‘Whereas wild-type animals increase intracellular
Ca™ after exposure 1o and removal of an osmotic
stimulus (Fig. 3A and fig, S5) (I7), sheath-glia ab-
lated animals lacked these responses (Fig. 3B and
fig 55) To determine whether signaling downstream
of Ca®" elevation was disrupted, we expressed the
light-activated channe! channelrhodopsin-2 (ChR2)
(18ywithin ASH. In the presence of retinal, a ChR2
cofactar, glia-ablated (and wild-type) animals ini-
tiate backward locomotion (Fig. 3C), demonstrat-
ing that downstream signaling is intact and that glia
are not required for ASH health/viability.

‘When C. elegans are soaked in lipophilic dyes
(e.g., DAI), some channel neurons, and AWB, take
up and concentrate the dye. Dil uptake was elim-
inated in all amphid neurons in glia-ablated animals
(Fig. 2F). Thus, dye filling (defective in channe!
neurons and AWB), ciliary morphology (defective
mainly in AWA, AWC, and AFD), and behavior
generation (not defective in AWB) are independent
properties of amphid sensory neurons, each re-
quiring the presence of sheath glia.

To uncover glial factors controlling these neu-
ronal properties, we compiled a list of amphid
sheath-glia—enriched transcripts. mRNA from cul-
tured GFP-expressing amphid-sheath glia was com-
pared to mRNA from other cultured embryonic
cells by hybridizing each population to an oligo-
nucleotide gene array. We identified 298 unique
transcripts with greater than fourfold enrichment
(table S1), including the known glial genes duf-6
and vap-1 (19). Of 298 transcripts, 159 are pre-
dicted to encode transmembrane or secreted pro-
teins that could potentially interact with amphid
sensory neurons, These secreted proteins include
Ca™ binding proteins and a KCI cotransporter,
which may explain glial contributions to Ca®™
elevation in ASH.

To validate our results, we generated GFP
reporter fusion constructs o promoters of seven
penes. Five were expressed exclusively in amphid
sheath glia and phasmid sheath glia (an amphid-like
tail sensory organ) (Fig. 4, A and B, and fig. S6).

‘We screened enriched genes by RNA inter-
ference (RNAI) for defects in amphid neuron dye
filling (Dyf phenotype) and identified the gene
F53B7.5, which we renamed fig-f (Dvf, ex-
pressed in glia). RNAI against fig-/ resulted in
dye-filling defects in amphids and phasmids (Fig

¢ 100
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function downstream of Ca®*
light causes animals to move backward; n = 30 for each.

entry. Activation of ASH-expressed ChR2 by
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Fig. 4. Glial fig-1 is required for
neuronal dye filling and function.
(A and B} fig-1 is expressed in am-
phid (A) and phasmid (B) sheath
glia. Anterior, up. Scale bar, 5 um.
(©) FIG-1 domain structure. Red,
thrombospondin type 1 domain;
green, C6 repeats; blue, EGF-like
type Il domain; bar, 200 amino
acids. The predicted protein in the
fig-1(tm2079) deletion is shown.

REPORTS I

D Normal Dye Filling (%)
Genotype Amphid Phasmid
WT 100 100
fig-7 (RNAY) 60 30
fig-1(im2079) 18 [
fig-1(tm2079); CIBG2 80 100
1ig-1{im2078); Py fig-1 (long) 50 44
fig-1(Um2079); Pey+fig-1 (short) 48 42
fig-1(tm2079); Pyafig-1 60 15
fig-1{m2078); Poouson ig-1 80 0

(D) fig-1 is required for Dil accu- E .
mulation. One representative line .
shown for each condition: (3862, C §oz
cosmid containing fig-1; glial pro- Fia-t &

moter, T02B11.3; neuronal promot- : L i 04
er, sra-6; n > 40 for each. (E) fig-1 is ' B 3

required for 1-octanol avoidance. maor E el
Assays were performed in the tph-1{mg280} back d, which supp defectsof fig- © as

1(tm2079) animals. fig-1(tm2079) mutants perform worse at all three concentrations, and these
defects can be rescued by fig-1(+). Asterisks, P < 0.001. Error bars, 95% confidence intervals. At least

24 assays for each condition.

4D). An 1117-bp deletion in fig-1, im2079, also
perturbed dve filling (Fig. 4C), and this defect
was rescued by a cosmid spanning the fig-J locus.
Interestingly, fig-I{tm2079) mutants exhibited
normal neuronal and amphid sheath glia structure
(fig. S11), demonstrating that access to dye is not
sufficient for dye filling and that glia-dependent
neuronal properties are required for dye filling.

Jfig-1{RNAI) defects could be induced at all
developmental stages and were observed within
24 hours of double-stranded RNA exposure (table
82), suggesting that although fig-/ mRNA is
highly expressed (table 81), FIG-1 protein must
be labile, consistent with a nonstructural role.

Expression of a fig-1 promoter::GFP reporter
was detected exclusively within amphid and phas-
mid sheath glia (Fig. 4, A and B) and was first
evident in late embryos, continuing throughout
adulthood. Thus, FIG-1 expression may be re-
quired continuously for neuronal dye filling.

fig-1 is predicted to generate two alternatively
spliced mRNAs encoding proteins of 3095 (long)
and 2892 {short) amino acids, the short isoform
being sufficient for rescue (Fig. 4D). Both pro-
teins contain an N-terminal signal sequence, a
TSP1 thrombospondin domain, 18 C6 domains,
and a second TSP1 domain (Fig. 4C). The larger
protein is also predicted to contain an EGF-like
type Il motif at its C terminus (§). TSP1 and
EGF-like motifs are characteristic domains found
in astrocyte-secreted thrombospondin proteins im-
plicated in synapse development (20).

To determine whether FIG-1 protein can act
cell nonautonomously, we expressed a fig-f{short)
€DNA transgene under either sheath glia (TO2B11.3)
or sensory neuron (sra-6; ASH, and weakly in ASL
PHA, and PHB) promoters. Both transgenes res-
cued fig-1(om2079) mutants (Fig. 4D), as expected
if FIG-1 acted extracellularly.

Finally, although fig-/{on2079) mutants ex-
hibited normal behavior toward most stimuli tested
(fig. 87), we identified a modest but significant

a0

defiect in 1-octanol avoidance (Fig. 4E), suggesting
that fig-/ also contributes to behavior generation.

‘We have demonstrated that €. efegans amphid
sheath glia provide associated neurons with at
least three separate activities and have identified a
molecular mediator contributing to two of these
functions. Recent studies suggest that C. elegans
glia share developmental similarities with verte-
‘brate glia (21). At least some of the glial functions
we describe might, therefore, be conserved in
other sensory systems.

Astrocyte-secreted thrombospondins play im-
portant postsynaptic roles in synapse assembly and
function (20). Our studies of FIG-1, which contains
«domains also present in thrombospondins, demon-
strate that this glial factor plays a key role in
modulating sensory neuron properties. The rapid
tumnover of FIG-1 protein is infriguing, suggesting
possible dynamic roles. Could FIG-1 and thrombo-
spondins have related molecular functions? Sen-
sory receplive endings share some similarities
with postsynaptic neuronal endings. Both respond
to diffusible cues by activating G protein—coupled
receplors (11) or ligand-gated ion channels (22);
postsynaptic dendritic spines are highly malleable
in shape and size (23, 24), as are sensory newron
receptive endings (25), and many vertebrate
excitatory synapses are ensheathed by glia, as
are sensory neuron receptive endings. These ob-
servations, together with the domain structure of
FIG-1, suggest the highly speculative notion that
analogies between the “‘sensory synapse” and true
synapses might, in part, reflect molecular homol-
ogies. Our results provide strong evidence for es-
sential glial contributions to sensory organ finction.
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HARP Is an ATP-Driven

Annealing Helicase

Timur Yusufzai and James T. Kadonaga*

DNA-dependent adenosine triphosphatases (ATPases) participate in a broad range of biological
processes including transcription, DNA repair, and chromatin dynamics. Mutations in the
HepA-related protein (HARP) ATPase are responsible for Schimke immuno-osseous dysplasia
(510D}, but the function of the protein is unknown. We found that HARP is an ATP-dependent
annealing helicase that rewinds single-stranded DNA bubbles that are stably bound by replication
protein A. Other related ATPases, including the DNA translocase Rad54, did not exhibit annealing
helicase activity. Analysis of mutant HARP proteins suggests that SIOD is caused by a deficiency

s is consistent with the

in annealing helicase activity. the plei

py of HARP

function of HARP as an annealing helicase that acts throughout the genome to oppose the

action of DNA-unwinding activities in the nucleus.

as SMARCALI and DNA-depend

test this hypothesis, we devised an assay for an-

HARP (HepA-related protein; also known

ATPase A) is a member of the SNF2
family of adenosine triphosphate (ATP}-driven
molecular motor proteins (/). The biological
importance of HARP was revealed by the discov-
ery that mutations in HARP are responsible fora
pleiotropic disorder known as Schimke immuno-
osseous dysplasia (SIOD) (5). However, the mo-
lecular function of the HARP ATPase activity is
unknown,

We investigated how human HARP functions
as an ATP-dependent molecular motor by syn-
thesizing and purifying human HARP protein
(fig. S1). In a gel mobility shifi assay, HARP
bound with higher affinity to fork DNA than to
single-stranded DNA (ssDNA) or to double-
stranded DNA (dsDNA) (Fig. 1A). In addition,
the ATPase activity of HARP was stimulated to
a much greater extent by fork DNA than by
ssDNA or dsDNA (Fig. 1B) (6). These results
are consistent with the finding that the HARP
ATPase is activated by M13 ssDNA (), which
probably contains hairpin structures, as well as
the observation that the HARP ATPase domain
is stimulated by DNA structures that contain
both ssDNA and dsDNA (7, §).

The stimulation of the HARP ATPase activity
upon binding to fork DNA suggested that HARP
may be an ATP-driven helicase that unwinds
DNA. Helicases generate ssDNA regions that can
be bound by ssDNA-binding proteins, such as
replication protein A (RPA} in eukaryoles [e.g.,
(9)]. However, when we tested the ability of HARP
to fimction as a helicase with several different
assays and substrates, we did not observe any
detectable helicase activity (e.g., fig. $2). Thus,
HARP does not appear to be a helicase.

We therefore considered the possibility that
HARP is an ATP-driven annealing helicase that
anneals complementary RPA-bound ssDNA. To

Section of Molecular Biclagy, University of Califomnia, San Diego,
9500 Gilman Drive, La Jolla, CA 92093, USA.

“To whom comrespondence should be addressed. E-mail:
jkadenaga@ucsd.edu

nealing heli ivity (fig. $3). We g da
stable, partially unwound DNA substrate by add-
ing RPA to plasmid DNA in the presence of topoi-
somerase [ (10, 17). Under these conditions, RPA
‘binds to small transient bubbles and then wedges
the DNA strands apart to form stable single-
stranded bubbles in which RPA is bound 1o the
unwound DNA (22). Upon addition of SDS (to
inactivate enzymes such as topoisomerase I) and
subsequent d inization, the RPA d
DNA yielded negatively supercoiled DNA (Fig.
2A, lanes 3 and 4). As a control, plasmid DNA
was treated in an identical manner in the absence
of RPA; the resulting DNA was relaxed, as ex-
pected (Fig. 2A, lanes | and 2). In addition, HARP
protein did not alter DNA supercoiling in the pres-
ence or absence of ATP (Fig. 2A, lanes 5 and 6).
The addition of an annealing helicase to the
partially unwound DNA substrate should yield
circular DNA that is relaxed by topoisomerase [
as a result of the elimination of the stable single-
stranded regions within the dsDNA (fig. S3). In
this assay, HARP catalyzed the ATP-dependent
relaxation of the RPA-unwound DNA (Fig. 2A,
compare lanes 7 and 8). This effect could be due
to an ATP-dependent annealing helicase activity
(fig. 54) or to the ATP-dependent removal of

Fig. 1. HARP protein A
binds selectively to fork
DNA. (R) HARP protein
binds with higher affin-
ity to fork DNA than to
ssDNA or dsDNA. Gel mo-
bility shift experiments
were performed with a
30-nuclectide (nt) sDNA,
a 30-base pair dsDNA,
and a 30-nt fork DNA that
is identical to the dsDNA
except fora 9-nt mismatch
at one end. Relative con-

s < HARP-Fork

.

RPA from ssDNA by HARP. To distinguish be-
tween these two possibilities, we carried out gel
mobility shift analyses with RPA-bound DNA
and found that HARP did not catalyze the ATP-
dependent displacement of RPA from DNA (Fig
2B and figs. S5 and 86). These results thus reveal
that HARP is an annealing helicase. In addition,
we found that RPA did not directly stimulate the
ATPase activity of HARP (fig. $7). These findings
indicate that the properties of HARP are distinct
from those of Motl, a SNF2 family protein that
removes TATA box-binding protein {TBP) from
DNA and whose ATPase activity is stimulated by
TBP (13, 14).

‘We also investigated the possibility that the
basis for the annealing helicase activity is trans-
location along dsDNA, which has been observed
mn some SNF2 family proteins such as Sthl and
Rad54 (15-17). To test this idea, we compared
the properties of Rad54 and HARP. Rad54 is
involved in homologous recombination that has
been shown to wanslocate along DNA in both
triple-helix strand-displacement assays (/6) and
single-molecule assays (/7). In triple-helix strand-
displacement assays, we found that Rad54 had
a higher DNA wmanslocation activity than did
HARP (fig. S8). In contrast, Rad54 did not ex-
hibit any detectable annealing helicase activity
(Fig. 2C). Thus, the ability of a factor to trans-
locate along dsDNA is not sufficient for the
removal of RPA from the unwound DNA. We
also tested two other SNF2 family proteins, ACF
{which contains the ISWI ATPase) and Brgl, and
found that neither protein exhibited annealing
helicase activity (fig. $9). These results provide
further evidence that the annealing helicase ac-
tivity of HARP is not a general property of SNF2
ATPases.

To gain insight into the molecular basis of
SIOD, we purified two mutant versions of HARP
that are associated with the disease (fig. S10). The
Arg™ — Gin (R764Q) mutation causes a severe
form of SIOD, and the Arg™® — Tip (R586W)
‘mutation results in a milder form of SIOD (5).
Both of these mutations are in the conserved ATPase
region of HARP. As seen with wild-type HARP
(Fig. 1A), both mutant proteins bound selectively

ssDNA  dsDNA  Fork DNA

H
s

Complex

HARP ATPase Activity
{Fraction ATP Hydrolyzed)
°
B

< Fark DHA
< dsDNA
“5sDNA.

<

0 s

10 15
A (M)

el Moblity Shift Assay

centrations of HARP are shown at tops of lanes; the actual concentrations of HARP are 0, 0.05, 0.1, 0.2,
and 0.4 n. (B} HARP ATPase activity is stimulated to a greater extent by fork DNA than by ssDNA or
dsDNA. The DNA substrates used in the ATPase assays are identical to those used in (A), except that the
DNA samples were not radiolabeled. Error bars represent SD (W = 3).
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Fig. 2. HARP is an ATP-dependent annealing
helicase. (A} HARP catalyzes the rewinding of DNA
in an ATP-dependent manner. Annealing helicase
assays (fig. 53) were carried out in the presence or
absence of the indicated factors, and the resulting
DNA species were resolved by agarose gel elec-
trophoresis. An equimolar concentration of uridine
triphosphate (UTP} was used as a control for the
absence of ATP. (B) HARP does not catalyze the
ATP-dependent displacement of RPA from DNA.
Gel mobility shift experiments were performed with
radiolabeled bubble DNA that contains two high-
affinity sites for RPA (the two 32-nt ssDNA
segments) and for HARP (the two DNA forks).
HARP (2 nM), RPA (3 nM), and ATP (1.5 mM) were
included, as indicated. The apparent compositions
of the shifted complexes are specified. Quantitation
of the bands is shown in fig. S5. (C) Rad54, a
member of the SNF2 family that translocates along
DNA, does not exhibit annealing helicase activity.
Annealing helicase assays were performed as in {A)
with RPA and an equimolar concentration of Rad54
or HARP, where indicated.
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Fig. 3. Mutant HARP proteins bind selectively to fork DNA but exhibit less ATPase activity than wild-type
HARP. The R764Q mutation results in a stronger SI0D phenotype than the RS86W mutation (5). (A and B)
The mutant HARP proteins bind with higher affinity to fork DNA than to ssDNA or dsDNA. These gel
mobility shift experiments were performed as in Fig. 1A. (€ and D) The R586W HARP protein has low
ATPase activity, whereas the R764Q HARP protein has no detectable ATPase activity. ATPase assays were
carried out as in Fig. 1B. Error bars represent SD (N = 3).

1o fork DNA relative 1o ssDNA or dsDNA (Fig.
3, A and B). In additon, the wild-type and mutant
HARP proteins bound with nearly the same affin-
ity to fork DNA (fig. S11). However, in ATPase
assays, the RS86W HARP protein exhibited par-
tial activity, whereas the R764Q HARP protein
had no detectable activity (Fig. 3. C and D).

In the annealing helicase assay, RS86W HARP
exhibited less activity than wild-type HARP,
whereas R764Q HARP had no detectable activity

(Fig. 4). These results show that the two SIOD-
associated mutations have little or no effect on
DNA-binding by HARP; instead, the mutations
reduce the ATPase and annealing helicase activities
of HARP in a mamner that correlates with the se-
verity of the disease with which they occur. In
addition, the studies of the mutant HARP proteins
reveal that the DNA-binding activity of HARP is
not sufficient for annealing helicase activity, be-
cause R7640Q HARP was fully active for selective

REPORTS I

] HQDI:[,:QM

B s S ¢ swperiled
DNA

Annealing Hellease Assay

Fig. 4. Mutant HARP proteins are defective in
annealing helicase activity. The R586W HARP
protein has less annealing helicase activity than
wild-type HARP, whereas the R764Q HARP protein
has no detectable annealing helicase activity.
Annealing helicase assays were performed as in
Fig. 2. All reactions contained plasmid DNA, RPA,
and topoisomerase |. UTP was used as a control for
the absence of ATP.

binding to fork DNA (Fig. 3B and fig. S11) yet
was deficient in annealing helicase activity (Fig. 4).

HARP is an ATP-driven molecular zipper
of complementary RPA-bound ssDNA (fig. S4).
‘Whereas many helicases convert dsDNA into
RPA-bound unwound DNA, HARP performs the
opposite reaction. The annealing helicase activity
of HARP is also distinct from fork regression
activity [e.g., (/8-207)], which involves the dis-
sociation and annealing of four strands of DNA
without any involvement of RPA (fig. S12).

The biological importance of HARP is re-
vealed by its causal role in SIOD. The defects in
the ATPase and annealing helicase activities of
two SIOD mutant proteins correlate with the se-
verity of disease. It is thus likely that SIOD is
caused by a deficiency in annealing helicase ac-
tivity. Moreover, SIOD patients exhibit a diverse
range of symptoms. The pleiotropic nature of
HARP ions is consistent with the ubiqui
expression of HARP in mammalian tissues (4, 2/)
and with the molecular function of HARP as an
annealing helicase that acts throughout the ge-
nome to reanneal stably unwound DNA. There
are many enzymes, such as helicases and poly-
merases, that unwind DNA. In addition, ssDNA
‘bubbles could arise spontancously, such as in
AfT-rich sequences. Hence, there is considerable
potential for the incomplete reannealing of DNA
and formation of stable, RPA-bound DNA bubbles,
which could be deleterious to the transcription of
genes or may interfere with replication or repair
processes. In this manner, HARP would be able
1o promote the proper functioning of the cell by
catalyzing the rewinding of the stably unwound
DNA. More generally, HARP would serve as an
opposing force to the numerous DNA-unwinding
activities in the nucleus.
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Polycomb Proteins Targeted
by a Short Repeat RNA to the
Mouse X Chromosome

Jing Zhao,*?? Bryan K. Surl.“'3 Jennifer A. Erwin,

123 Ji-Joon Sung,z‘3 Jeannie T. Leet 23+

To equalize X-chromosome dosages between the sexes, the female mammal inactivates one

of her two X chromosomes. X-chromosome inactivation (XCl) is initiated by expression of

Xist, a 17-kb noncoding RNA (ncRNA) that accumulates on the X in cis. Because interacting
factors have not been isolated, the mechanism by which Xist induces silencing remains

unknown. We discovered a 1.6-kilobase ncRNA (RepA) within Xist and identified the Polycomb
complex, PRC2, as its direct target. PRC2 is initially recruited to the X by RepA RNA, with Ezhz
serving as the RNA binding subunit. The antisense Tsix RNA inhibits this interaction. RepA
depletion abolishes full-length Xist induction and trimethylation on lysine 27 of histone H3 of
the X. Likewise, PRC2 deficiency compromises Xist up-regulation. Therefore, RepA, together with
PRC2, is required for the initiation and spread of XCI. We conclude that a ncRNA cofactor recruits

Polycomb complexes to their target locus.

he mouse X-chromosome inactivation

(XCI) center harbors several noncoding

genes, including Xist (1, 2) and its anti-
sense repressor, 7%ix (3). On the futre Xa
(active X), Tsix blocks Xist up-regulation and
prevents the recruitment of silencing factors in
cis. On the future Xi (inactive X), Tix is down-
regulated, which enables Xist transactivation and
the spread of Xist RNA along the chromosome
(4). The accumulation of Xist transcripts corre-
lates with a cascade of chromatin changes (5),
but how Xis# directs these changes is unknown.
In principle, the act of transcribing Xist could
induce structural changes that could alter chro-
mosomewide function (/). Alternatively, Xist
could work as a transcript ({, 2) by recruiting
chromatin modifiers or by targeting the X to a
specialized compartment (6). Although universal-
ly attractive, RNA-based models have remained
hypothetical, as Xist-interacting proteins have yet
to be identified.

“Howard Hughes Medical Institute, Boston, MA 02115, USA.
Department of Molecular Blelogy, Massachusetts General
Hospital, Boston, MA 02493, USA. *Depariment of Genetics,
Harvard Medical School, Beston, M4 02115, USA

“To whom comrespondence should be addressed. E-mail:
leeg@maolbio.mgh.harvard edu

To circumvent conventional difficulties with
purifying Xist-interacting proteins, we carried
out RNA immunoprecipitations (RIPs) and asked
if Xist RNA can be found in a specific protein
complex. We isolated nuclear RNAs and their
binding proteins in the native state to avoid fixa-
tion artifacts and tested two cell types: mouse
embryonic stem (ES) cells, which exist in the
pre-XCI state but recapitulate XCI when induced
to differentiate, and mouse embryonic fibroblasts
(MEFs), which faithfully maintain Xi. Because
trimethylation of histone 3 at Lys"” (H3-K27me3)
closely follows Xist up- and down-regulation
{6-9), we asked if Xist RNA binds the H3-
K27 methylase, PRC2—the Polycomb complex
that includes Eed, Suzl2, RbAp48, and the cat-
alytic subunit, Fzh2 (J0). ndeed, Fzh2 and Suzl2
antibodies coimmunoprecipitated Xist RNA

or no nucleases had no effect (Fig. 1E). By infer-
ence, the RIP products must be single- or double-
stranded RNA.,

In female cells, RNA could be detected in
the complex even in the pre-XCI state (day 0)
when there are <10 transcripts per cell (/). On
day 0, PRC2 bound only Repeat A (R1), a motif
required for silencing (/2, 13). Quantitative strand-
specific RIP showed that both sense and anti-
sense strands were highly enriched in the PRC2
complex (Fig. 1F). Not until cell differentiation
and Xist up-regulation could PRC2 coimmuno-
precipitate more 3’ regions of Xist, which sug-
gested that other regions of Xist eventually come
in contact with PRC2, though Repeat A remained
the epicenter of binding (Fig. 1G). To determine
when PRC2 is loaded onto chromatin, we per-
formed DNA chromatin immunoprecipitation
(ChIP) assays (Fig. 1H). While bound to RNA
i day 0 wild-type cells, PRC2 was not enriched
on DNA until differentiation (day 3, day 6) when
Eed andlor Ezh2 levels increased ~10-fold. Ac-
cordingly, H3-K27me3 levels rose >10-fold. To-
gether, RIP and ChIP showed that, although
PRC2 bound Repeat A in pre-XCI cells, H3-
K27me3 of chromatin was not evident until
differentiation (Fig. 1, B and H). For males,
PRC2 coimmunoprecipitated Xist sequences
only in ES cells, not in MEFs (Fig. 1C), con-
sistent with the absence of XCI. In T
female cells, where XCI choice is predetenmined
and accelerated (3), PRC2 spreading occurred
earlier, consistent with preemptive H3-K27me3
(Fig. 1, D and H) (1]). Thus, PRC2 recruitment
by RNA and its activity on chromatin are bio-
chemically separable.

Examination of Bi*P% cells enabled us
to determine when Xist transactivation occurred
relative to PRC2 recruitment In this mutant, XCI
always occurs on the mutated X, and H3-K27

(Fig. 1, A to D). By contrast, Xist seq

were not consistently detected in cells treated
with antibodies against H3-K27me3 or antibodies
against acetylated H4, or in no-anthody controls.
Pretreatment with ribonucleases (RNases) that
digest single-strnded RNA (RNase T) and double-
stranded RNA (RNase V1) abolished RIP sig-
nals, whereas pretreatment with RNase H (which
digests RNA in RNA:DNA hybrids), DNase I,

preempis Xist up-regulation, which
indicated that H3-K27me3 and Xist trans-
activation are genetically separable (If). In-
deed, DNA ChIP showed high Eed and Ezh2
enrichment on Repeat A on day 0 with accom-
panying H3-K27me3 (Fig. 1H). Xist expres-
sion remained low until differentiation (17).
Therefore, in wild-type cells, PRC2 is recruited
by RNA to Xis's 5 end on day 0, but PRC2

31 OCTOBER 2008 VOL 322 SCIENCE www.sciencemag.org



transfers to chromatin and catalyzes H3-K27me3
only after differentiation is triggered. These events
oceur hefore Xist transactivation.

Note that PRC2 preferentially associates with
Repeat A across all time points (Fig. 1G), although
PRC2 should theoretically coimmumoprecipitate all
regions of an intact Xist molecule during native
RIP, regardless of which RNA domain binds

Fig. 1. The PRC2 com-
plex contains Xist. (A)

A

PRC2. To undertake higher-resolution analysis,
we performed Xiststrand quantitative polymer-
ase chain reaction (PCR) between Xis¢ promoters
Pl and P2 in ES cells and observed RNA levels
at R7 and RS three to four times as great as at R6
and R9 (Fig. 2, A and B). During differentiation,
Xist up-regulated >100-fold in females but be-
came barely detectable in males (Fig. 2C).

Iz

Map of Xist. (B to D) it

RIP in indicated cells. a,
antibodies. (E) Effects of
RNase pretreatment on
RIP signals. (F) Strand-
specific RIP at R1 by real-
time PCR, normalized
to input RNA. Error bar,
1 SD. (G) Quantitative
RIP by real-time PCR at
positions R1 to RS. (H)
DNA ChIP using indi-
cated antibodies, shown
as a fraction of input and
standardized to normal
lgG ChiP. Day 0, d0, and
50 on.
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Quantitative differences at R6 to R9 hinted
at a novel promoter activity. Indeed RNA flu-
orescence in situ hybridization (FISH) detected
a pinpoint signal on day 0 (Fig. 2D). Northemn
analysis revealed a ~1.6kb transcript, with no
obvious antisense counterparts other than known
processed Bix transcripts (Fig. 2E) (/4). Rapid
amplification of ¢cDNA 3 ends (3' RACE) de-
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fined its terminus at base pair (bp) 1948 down-
stream of Pl (Fig. 2F), which implied a tran-
scription start site at ~bp 300. Luciferase reporter
assays confirmed promoter activity within bp 79
1o 320, appearing equally active in pre- and post-
XCI cells, whereas P1 activity increased upon
XCI (Fig. 2G). Competitive reverse transcription
PCR (RT-PCR) previously revealed ~10 abso-
lute copies of sense RNA in this region in day 0
female ES cells (1/). The current stoichiometric
data implied that three or four copies derive from
full-length Xisz and six or seven from Repeat A

Fig. 2. A small RNA A
within Xist. (A) Map of
RepA and the 5' end of
Xist. (B and C). Strand-
specific real-time PCR
quantifies RNA copies

P!,_.

Xist5' region

({Fig. 2B). Upon differentiation, Xist levels in-
creased ~100-fold (Fig. 2C), whereas Repeat A
levels increased 1.8-fold (Fig. 2E). Thus, Repeat
A produces a small internal transcript, present
in both male and female cells before XCI, but
restricted 1o females after XCI. We designate the
transcript "RepA" for Repeat A.

To test whether PRC2 is actually recruited by
RepA, we generated doxycycline-inducible Repd
transgenic female ES cells (Fig, 2H) and asked
whether RepA could target PRCZ 1o ectopic
autosomal sites independently of Ads. Indeed,

B Qes

200 bp

FZI—)

at R6 to R in ES cells 6 "7
(B) or MEFs (C), normal-
ized to standard curve.
(D) RNA FISH using RepA
probe. (E) Northern anal-
ysis of RepA and Tsix
(5’ and 3’ positions). (F)
3" RACE of RepA. (G)
Transient transfection of
luciferase reporter con-
structs comparing RepA
(bp 79 to 320) versus Xist
P1 promoters, each nor-
malized to vector control.
P, Student's ¢ tests in in-
dicated pairwise compar-
isons. (H) DNA FiSH of
RepA transgenic female
ES cells. Xist P1 promoter
is not in ransgenes. Amows,
transgene. Tsix detected
by pSx7. (I} Quantitative
RIP in representative clones
B5 and C5 + doxycycline
induction. No-antibody
controls yielded no detect-
able RNA.
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for two clones (BS and C5) of low transgene
copy mumber, doxycycline induction resulted in
about a threefold increase in RepA and com-
‘mensurate increases in PRC2 binding (Fig. 21).
Thus, RepA is sufficient to recruit PRC2 in vivo
without Xist, and recruitment depends on RepA
transcription and/or RNA.

Does RepA RNA directly bind PRC2? To in-
vestigate, we tested whether RepA RNA oligomers
could shifi PRC2 in vitro in an electrophoretic
mobility shift assay (EMSA). RepA comprises
7.5 tandem repeats of a 28-nucleotide (nt) se-
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quence that folds into two conserved stem-loop
structures (/3) (Fig. 3A). A specific RNA-protein
complex was observed when ES cell nuclear ex-
tract was incubated with wild-type sense probe
(Fig. 3, B and C). It is noteworthy that a specific
complex was also seen with antisense RNA, which
harbors complementary stem-loop structures. In
both cases, RNA-protein interactions were dis-
rupted by excess cold wild-type, but not mutant
or random, competitors. No shift was observed
with a mutant probe lacking the conserved stem-
loop structures or with random RNA oligomers

Fig. 3. RepARNAdirect- A

ly binds PRCZ in vitro. wT
(A) One Repeat A unit. Mut
WT, wild-type sense; mut, AS
mutated; and AS, ant- Dsl
sense. Dsl and Dsll, ran- Dsll
domized Xist sequences.

(B) EMSA using female B

ES cell nuclear extract
(NE). Comp, competitors
at 500x molar excess. Ar-
row, sense shift; arrow-
head, antisense shift. (C)
Antisense binding com-
peted by sense RNAs but
not nonspecific RNAs. (D)
EMSA supershifts (*) with
antibodies against Ezh2.
(E) EMSA using recombinant
hPRCZ (sub)complexes.
fEzh2, Drosophila Ezh2.
(F) hPRC2 bound by anti-
sense but not by random-
ized probes.

e e

R e

UDGCCCAUCG GGGCCACGGA UACCUGCU
UUGCQCAUCG aGGCCAC A UACCUGCU
AGCAGGUAUC CGUGGCCCCG AUGBGCAA
UUGCUGCUGA DCGUUUGGUG CUGUGUGA
GUCUGAUAGU GUGCOUUGEU AGUGUUUG

{Dsl and Dsll). Therefore, a specific factor in
ES cell nuclei binds RepA and Tsix.

To identify the factor, we asked if antibodies
against Ezh2 could supershift the complex and
found that preincubation in nuclear extract (day
4 female ES cells or MEFs) produced a super-
shift, whereas normal immunoglobulin IgG did
not (Fig. 3D). Therefore, PRC2 directly binds
RepA and Tsix, in agreement with RIP results
(Fig. IF). To confirm, we generated recombinant
human PRC2 (hPRC?2) containing EED, EZH2,
SUZ12, and RBAP48 (15) and observed that
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hPRC? shifted both sense and antisense RNAs
‘but not mutated or random RNA [(Fig. 3, E and
F) additional bands may indicate subcomplexes]
The hEED-hEZH2 subcomplex and the com-
plete hPRC2 complex bound wild-type RNAs
equally well. Fzh2 alone could also bind RNA, but
hEED alone could not. Thus, Ezh2 nmst be the
RNA-binding subunit of PRC2 (fig. S1). Given
that Tsix also binds PRCZ and is a known Xis/
antagonist, Tsix could block XCI by titrating away
PRC2. Indeed, RepA and Tsix oligomers competed
with each other for PRC2 in vitro (Fig. 3C) and, in
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the absence of Tsix i vivo (BolPC™), H3-
K27me3 occurred prematurely on day 0 (Fig.
IH). We propose that RepA directly interacts
with Ezh2 and that Tsix competitively inhibits
this interaction. As full-length Xist also contains
the Repeat A motif, it is likely that Xist RNA
also directly interacts with PRC2. Consistent with
this idea, PRC2 coimmunoprecipitates both 5
and 3’ domains of Xist RNA in RIP analysis
(Fig. 1, B o D).

Previously, PRC2 seemed an unlikely direct
target of Xist, as one report suggested that PRC2 is
recruited without Repeat A (7). However, anather
report showed that PRC2 recruitment drops 80 to
90% in Repeat A mutanis (9). To test if RepA
functions in XCI, we created female ES clones
carrying short hairpin RNA (shRNA) 2

of Xist exon 1 (X1), which does not overlap RepA.
Quantitative RTPCR confirmed knockdown effica-
cy and specificity [(Fig. 4B) Xist contains the R7
sequence, so it may be affected by X1 knockdown;
residual R7 levels may represent RepA].

Xist induction was severely compromised
when RepA was depleted in clones RA-3 and
RA4, as few Xist foci were seen on day 8 when
compared with X1 and scrambled (Scr) controls
(Fig. 4, A to C), Thus, RepA RNA is required
for Xist up-regulation. In 100% of RA-3 and
RA4 cells lacking Xist foci, H3-K27me3 was
absent on the X (Fig. 4C). In a very small mi-
nority of RA-3 and RA-4 cells that up-regulated
Xist, H3-K27me3 was also compromised, which
indicated PRC2 recruitment defects—high Xist
levels nc ding. Consistent with the fail-

directed against Repd (RA clones) (Fig. 4A).
Because RepA and Xist overlap, shRNA against
RepA could potentially affect Xist. To distinguish
RepA from Xist, we created shRNA against the end

Fig. 5. PRCZand Xias= p
sodiate in the perinucle-
olar compartment after
XCl. (A) Immunostain:
Ezh2 and Suz12 concen-
trate around the nucleo-
lus (B23+). (B) Ezh2 and
Suzl2, but not H3-K9me3,
showed perinucleolar en-
richment. (C) Xist RNA-
Ezh2 immunofISH. (D) Xist
DNA-Ezh2 immunoFISH
in Xa" X MEFs ). (B)
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ure of XCI, RepA-shRNA clones showed ex-
tremely poor embryoid body differentiation in
contrast to controls (Fig. 4D). X1 clones showed
an intermediate phenotype, consistent with in-
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termediate expression of Xist. Although the X1
region is dispensable for silencing and localiza-
tion (/3), is knockdown could affect overall
Xist stability and might explain the intermediate
phenotype. We conclude that RepA RNA fune-
tions not only in Xist transactivation but also in
H3-K27 methylation and XCI.

We next examined whether knocking down
PRC2 subunits might have similar effects. In-
deed, Eed and Fzh? knockdown in day 6 female
embryoid body led to significant reductions in
Xist and H3-K27me3 foci (Fig. 4, E to H).
Therefore, PRC2 also plays a role in Xist up-
regulation and XCI. Consistent with previous
studies (16, 17), among Xist" cells, PRC2 defi-
ciency did not abrogate gene silencing (fig. S2),
possibly because of functional redundancy of
PRC2 and PRCI (17). By our data (Figs. 1H and
4), the primary effect of the RepA-PRC2 knock-
downs may be abrogation of preemptive H3-
K27me3 on JXist, an event hypothesized to be
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necessary for Xis7 induction (/). Therefore,
RepA-PRC2 complex may act during XCI, firstly
by inducing H3-K27me3 at Xisr for its trans-
activation and secondly by enabling spread of
H3-K27me3 along the Xi.

Given the importance of PRC2, it is odd that
X1 is decorated by PRC2 only during initiation of
XCI, though it stably retains H3-K27me3 there-
after (7, &). Given the hypothesis that Xi’s
epigenctic staie is maintained by visiting a peri-
nucleolar compartment during S phase (6), we
wondered if PRC2 association during the main-
tenance phase may be likewise ¢ i
and transient. Indeed, we observed high levels of
Ezh2 and Suzl2 in this late-replicating perinucleolar
compartment (Fig. 5, A and B), to which ~80%
of Xi is associated in MEFs (“l:"':g, 5C). When Xi
has st deleted after XCI (Xa™" Xi***), the chro-
mosome fails to relocalize to this compartment (6).
In such cells, we observed that perinucleolar local-
ization and H3-K27me3 were abolished (Fig. 5D)
(6), which supports the idea that Xi in post-XCI
cells associates with PRC2 and maintains H3-
K27me3 by visiting the perinucleolar compart-
ment during DNA replication.

In summary, we have discovered a small non-
coding RNA (ncRNA) that is required to target
PRC2 to a specific locus. Long suspected (18),
an RNA cofactor may explain why no DNA
binding subunit for mammalian Polycomb has
emerged so far. Ezh2 is apparently the RNA
binding PRC2 subunit. For XCI, the data pro-
vide new insight into how silencing is initiated
on Xi (Fig. 5E). Given Tsixs established role as
Xist antagonist (3), ability to bind PRC2 and to

compete with RepA (Fig. 3), and molar excess
over Xist, we propose that Tsix prevents RepA-
PRC2 action in pre-XCI cells by titrating RepA
away from PRC2, by blocking RepA-PRC2 trans-
fer to chromatin, or by preventing PRC2 catal-
ysis. The last two possibilities may explain why
RepA-PRC?2 interactions in males do not induce
H3-K27me3 (Fig. 1D). In our model, when Tsix
is down-regulated on the future Xi, RepA pro-
ductively engages PRC2, methylaies the Xist
promoter in cis, and enables Xis{ transactivation.
In support of this, abolishing Tsix (T
Tesults in premature H3-K27 trimethylation (Fig.
1C) and elevated Xist levels (/). Full-length
Xist also binds PRC2 (Fig. 1), so the spread of
Xist RNA along Xi could distribute PRC2 and
H3-K27me3 throughout the chromosome. As
ectopic Xis! transgenes are known to spread auto-
somal silencing (/3), our data imply that Xist—
perhaps RepA itself (Fig. 1 )—serves as a nucleation
center. After XCI, Xi maintains its association with
PRC2 by means of the perinucleolar compartment
m a RepA- and Xist-dependent manner. With
evidence that RNA interference is required to
localize Xist and target H3-K27me3 (19), involve-
ment of small RNAs and RNA interference
proteins may also be considered. Because another
ncRNA ("HOTAIR”) was recently identified in
connection with PRC2 at a human HOX locus
(20), RNA cofactors may emerge as universal
requirernents for Polycomb targeting,
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Deletion of Trpm7 Disrupts Embryonic
Development and Thymopoiesis
Without Altering Mg”* Homeostasis

Jie Jin,»?* Bimal N. Desai,'* Betsy Navarro,* Adriana Donovan,’

Nancy C. Andrews,* David E. Clapham®}

The gene transient receptor potential-melastatin-like 7 (Trpm7) encodes a protein that functions as
an fon channel and a kinase. TRPM7 has been proposed to be required for cellular Mg”* homeostasis
in vertebrates. Deletion of mouse Tipm7 revealed that it is essential for embryonic development.
Tissue-specific deletion of Trpm7 in the T cell lineage disrupted thymopoiesis, which led to a
developmental block of thymocytes at the double-negative stage and a progressive depletion of
thymic medullary cells. However, deletion of Tpm7 in T cells did not affect acute uptake of Mg®* or
the maintenance of total cellular Mg®~. Trpm?7-deficient thymocytes exhibited dysregulated synthesis
of many growth factors that are necessary for the differentiation and maintenance of thymic
epithelial cells. The thymic medullary cells lost signal transducer and activator of transcription 3 activity,
which accounts for their depletion when Trpm7 is disrupted in thymocytes.

he transient receptor potential (TRP) super-
family comprises cation-permeant ion chan-
nels that have diverse functions (/-3).
TRPM?7 (/, 2) and TRPM6 (4, 5) proteins also
comtain a C-terminal kinase domain (6). TRPM7
is expressed in all examined cell types (3) and

current (MIC) (7). TRPM6 and TRPM7 exchibit
nearly identical current-voltage (V) relations,
conducting only a few pA of inward current at
physiological pH levels (1, 2, 8, 9).

A chicken DT40 B cell line targeted for Trpm?7
gene disruption was reported to require high con-

mndialmlhcoulwardlymctifyingMgz*-' thibitabl

of lular Mg®* (10 mM) for sur-

vival (10). Given the permeability of TRPM7 to
Mg**, the results have been interpreted to indi-
cate that TRPM7 was critical for cellular Mg
‘homeostasis in vertebrates. A role for TRPM7 in
vertebrate development was suggested by a
Danio rerio Trpm?7 mutant that exhibited abnor-
mal skeletogenesis and melanophore develop-
ment, but whether this developmental defect is
related to homeostasis remains unclear (11).

‘We generated multiple mouse lines with a
targeted deletion of the Tipm7 gene (fig. S1A)
(12). Mouse lines with disruption of Trpm?7 in
all tssues (global deletion), generated using
three different approaches, did not yield any
live Trpm7™* ' animals. Mendelian ratios of
littermate genotypes indicated that Trpm 7™
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mice died prenatally (194 pups analyzed) (fig.
81, D and E). To rule out the possibility that
embryonic viability was compromised by the dis-
ruption of matemoembryonic transport, we de-
leted Trpm?7 by using patemnal Sox-2 Cre, which
deletes the gene in the embryonic cells but not in
extraembryonic visceral endoderm (/3). Eight
litters from this mating scheme failed to produce
Tipm7 7 (Sox-2 Cre) mice, indicating that em-
bryonic lethality resulted from a requirement for
TRPM?7 in the developing embryo rather than a
compromise of maternoembryonic nutrient trans-
port. For further analysis, we used mice in which
a fi-geo cassette (coding for f-galactosidase) was
inserted in the first intron of Tipm7 (Trpm75°)
(12). The B-geo transcript has a splice acceptor
site but not a splice donor site; thus, barring alter-
native splicing, Trpm7=° generates a null allele
of Trpm7. We isolated and analyzed embryos
from Trpm @™ intercrosses at various times afier
fertilization and determined that Trpm 7<% e,

bryos died before day 7.5 of embryogenesis (ET.S)
(fig. SIF). LacZ staining of Trpm7™" embryos
revealed a predominant expression in the fetal
heart at E9.5, followed by a gradual and intense
expansion of the expression across the ventral
region at E10.5, peaking throughout the embryo

Fig. 1. lyc and Mg** homeostasis in
Trpm7-deficient cells. (A) /- relation-
ship of fyc in wt and Trpm7-deficient
[knockout (KO)| thymocytes. (B) iyc
densities in wt (n =13 cells) and KO (n =
18 cells) T lymphocytes (P <0.0001,
two samples independent f test). Box
charts are shown as a box (25 to 75
percentile), vertical bars (5 to 95
percentile), and data points {diamonds)
overlap with the mean value (empty
square) and median value (horizontal
line in the box). (€) fy densities in wt
(n = 9 cells) and KO (n = 10 cells)
thymocytes (P = <0.0001, two samples
independent £ test). (D) Mg?" uptake in
wt T lymphocytes baded with KMG104AM,
as indicated by the averaged ratio of
fluorescence intensity F at indicated
time (seconds) over the initial fluores-
cence A0 at 0 5. Mg®* uptake in the ab-
sence (blue, n = 25 cells) or presence
(red, n = 25 cells) of 0.5 mM 2-APB is
shown. (E) ICP-MS quantitation of total
Ca’* and Mg’ in HNO; extracts.
Average concentration of total cellular
Mg™ (n = 3 mice) as calculated by
normalizing to a [K™] of 120 mM is
shown. Error bars indicate = SD. (F)
Mg™ uptake in ut (blue, n = 117 cells)
and KO (red, n = 102 cells) thymocytes.
[ca™] and [Mg*] are in m.

A

atEll.5and E12.5. The broad expression pattern
was maintained through E14.5 (fig. S1G). Thus,
TRPM?7 is expressed in embryonic stem cells
(fig. SI1B), expression is increased in the early
embryo, and the expressed TRPM7 has a non-
redundant and vital role in the embryonic devel-
opment of the mouse.

Using fck-Cre mice, we selectively deleted
Trpm7 in developing thymocytes. Deletions of
Trpm7-exon 17, in thymocytes and mature T-
Iymphocytes isolated from Trpm7? (lck-Cre)
mice, were confirmed by reverse transcription
polymerase chain reaction (RT-PCR) (fig. S2A)
and quantified using quantitative RT-PCR directed
against exon 17, Unmodified transcripts in thy-
mocytes (8.9 £ 0.28% of nommal) were lower
than in T lymphocytes (16.8 + 0.96% of normal)
when compared with those in wild-type (wr) cells,
which probably reflected the presence of con-
taminating cells of non-T cell kneage in Thy-1.2—
directed irmmumoaffinity preparations from mouse
spleens.

Whole-cell patch-clamp recordings revealed that
MIC current {f,gc) in thymocytes was potentiated
by extracellular application of 10 mM NH,C1 (Fig.
1A) and reversibly inhibited by 10 mM MgCl,
(Fig. 1A)or 100 pM 2-amincethoxydiphenylborate
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(2-APB){fig. 83A)(7, I4). hnc was abrogated in
T cells derived from Tipm?7 # (lok-Cre) mice (Fig. 1,
B and C), whereas K™ currents (K, 1.3, K.3.1, and

o 3.1) (15-18) were unaffected (fig. S3B). hnc
was still present in a small population of T cells,
probably because of incomplete Cre expression
and inadvertent patch clamping of Thy-1.2+
splenocytes other than T lymphocytes.

‘We used a cell-permeable fluorescent indica-
tor [KMG104AM (19)] to evaluate Mg®* influx
in freshly isolated T cells from wr and Tipm?7 7'
(lek-Cre) mice. T lymphocytes incubated with
KMG14AM and maJ.mamad ma Mgz" free me-
dium ded with an
intensity to extracellular perfusion with solutions
containing 10 mM MgCl, but not to solutions
containing 10 mM CaCl, (fig. $3C). Mg®* influx
m wt T lymphocytes was insensitive to 0.5 mM
2-APB (Fig. 1D). Similarly, intracellular alkalin-
ization induced by extracellular 50 mM NH,CI,
which potentiates Iy (14), did not result in
higher Mg?" influx (fig. S3D). Mg?" influx in thy-
mocytes freshly isolated from Trpm7 ™ (ick-Cre)
mice was insensitive to deletion of TRPM7 (Fig.
1F), which indicates that TRPM?7 does not medi-
ate the observed Mg®* influx in T cells. To test
the tissue Mg™*-dependence on TRPM7, we used

B

100
Vm{mV)

D

FF0

wr Ko
Thymocyles

| mng 2-APB
| 805 mi 2 APB)

Vi ()

| pagF)

OO — ...

25+
20
o
£ 15
1.0

romomrO®

SN N Y

[ WT Thymocytas
| KO Thymocytes

MLJMLJ_4_J
ri\“@

5
[Mgres, Carree vl Caiz) | Ma(tor ][ Caiel Joem wano]

W1 KO wr KO

www.sciencemag.org SCIENCE VOL 322

Thymocytes T-Lymphocytes

SRR PRELP PP S PP PP

Time (seconds)

31 OCTOBER 2008

757



I REPORTS

758

Fig. 2. Deletion of Trpm7
in thymocytes leads to de-
fective thymopoiesis. (A)
Hematoxylin and eosin—
staining of thymus sec-
tions from 12-week-old
wt (top) and KO (bottom)
mice at 4x (eft) and 20x
(right) magnification (red
box). The boundary be-
tween medullary and
cortical regions is high-
lighted with a solid white
line where evident. (B)
Thymocytes were immu-
nolocalized by antibody-
t0-CD3 staining (brown)
against a nuclear counter-
stain (blue) in the thymus
sections obtained from wt
(top) and Trpm?7-deficient
(bottom) mice. (Left) 4x
magnification. Red boxes
indicate the areas that
are shown at 20x mag-
nification to the right
The CD3+ T cell~enriched
medullary regions are
highlighted in a wt thy-
mus (see fig. 56 for larger
images). (C) Box chart
showing the reduced num-
ber of thymacytes in Tpm?-
deficient mice (red, n=9
mice) as compared with wt
mice (black, n = 9 mice).
Box charts shown as a
box (+5D), vertical bars
(maximum-minimum vak-
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box charts were calculated using the two-sample independent ¢ test. (D} Flow cytometry of CD4 and CD8 on thymocytes from wt and KO mice. (E) Box charts
comparing the total number of thymocytes in the DN, DP, CD4+, and CD8+ thymocytes are shown (n = 7 mice).

inductively coupled plasma mass spectrometry
{ICP-MS) to measure total Mg”* in freshly iso-
lated T cells, The total [Mg”'] in T cells obtained
from wr and Trpm77 (lek-Cre) mice were not
statistically different (Fig. 1E). These data in-
dicate that TRPM?7 is not essential for cellular
Mg”" homeostasis in mice.

In the intestine of adult Trpm? * (lck-Cre)
mice, T lymphocytes were readily detected at a
density comparable to that of wr mice (fig. S7),
‘whereas a small reduction in T cell density was
evident in the lymph nodes (fig. $8) and spleen
(fig. S4B)of Tipm? 7 (Ick-Cre) mice. Flow cytom-
etry of splenocytes isolated from v and Trpm7 7
(lck-Cre) mice revealed a small reduction in the
percentage and numbers of T cells but not of B
cells (Fig. S4, C and D). Despite the decrease in
the splenic T cell numbers, the results show that
mature T lymphocytes in ZTrpm? 4 (lek-Cre) mice
are able to survive and populate the periphery.

The thymi in Tipm?7 7 (lek-Cre) mice devel-
oped morphological abnormalities with an 85%

phenotypic penetrance (# = 27 mice), which
suggests defective thymopoiesis. Histology of thy-
mic sections derived from 12-week-old Trpm7 77
(lek-Cre) and Trpm 7™ littermate controls showed
abnormal thymic architecture in Zrpm7 7' (lek-Cre)
mice (Fig. 2A). The boundary between cortical and
medullary areas was easily visible in w thymi but
not in Trpm7-deficient thymi (Fig. 2A and fig.
S6A). In contrast to wi thymi, where the CD3+ T
cells remained confined to the medulla {outlined
and marked as T), the CD3+ cells in the thymi of
Trpm7™ (lck-Cre) mice were uniformly distrib-
uted across the thymic stroma (Fig. 2B and fig.
S$6B). Evaluation of thymic cellularity indicated a
substantial reduction in the number of thymocytes
in Tipm? ™ {ick-Cre) mice (Fig. 2C).
Thymocytes from Trpm7 " (Ick-Cré) mice
contained a higher percentage (Fig. 2D) and num-
ber (Fig. 2E) of CD4- CDS8- [double negative
(DN)] cells than did thymocytes from wr confrols,
which indicates a partial developmental block in
transition from the DN to double-positive (DP)

stage. This developmental defect may account
for the reduced number of Tcells in Tipm?7 7' (lck
Cre) mice. Analysis of the DN population based
on the cell-surface expression of CD44 and CD25
revealed a significantly higher percentage of DN
thymocytes in the DN3 (CD44- CD25+) stage
(Fig. 3A), which indicates a failure to down-
regulate CD25 expression during T cell develop-
ment. Because of the block at the DN stage, the cell
number is significantly higher in Tipm7-deficient
thymi. Overlays of CD235 expression of the total
thymoeyte population and of DN thymocytes show
that the proportion of cells expressing CD25 was
significantly higher in Thpm7-deficient thymi (Fig.
3B). We calculated the changes in percentages
(Fig. 3C) and mumber (Fig. 3D) of DN cells m DN1
(CD44+ CD25-), DN2 (CD44+ CD25+), DN3
(CD44— CD25+), and DN4 (CD44— CD25-)
stages. These data indicated that a portion of
Trpm7-deficient thymocytes fails to down-regulate
high-affinity interleukin-2 receptors (CD25), ex-
hibiting a block during the transition from the DN3

31 OCTOBER 2008 VOL 322 SCIENCE www.sciencemag.org



Fig. 3. Trpm7-deficient
thymocytes are partially
blocked at the DN3 stage.
(A) Flow cytometry of

A

-/fi (lck-Cre)

CD44 and CD25 expres-
sion in DN (CD4- CD&-)
thymocytes. Thymocytes
were stained with anti-
body to CD4 [fluorescein
isothiocyanate (FITC)],
antibody to CD8 (FITQ),
antibody to CD44 [phyco-
erythrin (PE)] and antibody
to (D25 [phosphatidyl-
choline 7 (PC7)]. FITC-
negative cells (DN) were
analyzed for CD44 and
CD25 expression. (B) (Left
Overlay of cell-surface
(D25 expression in wt
(black) and Tipm?7-defident
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to DN4 stage. Cell-surface expression of T cell
receptor i (TCR-P) chain (fig. S5C) was not sub-
stantially altered, which suggests that the devel-
opmental defect was not due to a failure in TCR-p
locus rearrangement.

We found a progressive loss of thymic medul-
lary cells [cytokeratin 5+ (K5+); Fig. 4A, green]
but not thymic cortical cells (K8+; Fig. 4A, red)
in comparing 4- and 12-week-old wt and Trpm7 7
(lek-Cre) mouse thymic sections. In wf mice, the
CD3+ cells (Fig. 4B, green) were distributed pref-
erentially within medullary regions of the thyrmus
and showed minimal overlap with cortical thymic
epithelial cells (TECs) (K8+; Fig. 4B, red). In
contrast, the loss of medullary regions in Tipm?7-
deficient mice was accompanied by a uniform
distribution of CD3+ thymocyies in the thymic
cortex, as detected by an extensive overlap of K8
and CD3 staining (Fig. 4B)

We conducted a quantitative RT-PCR analy-
sis of freshly isolated thymocytes for mRNA that
encoded 82 growth factors with proposed roles in
tissue growth and maintenance (fig. 89). We iden-
tified seven growth-factor mRNAs whose abun-
dance increased by more than threefold and five
growth-factor mRNAs present at <33% of nor-
mal levels in Tipm7-deficient thymocytes (Fig.
4C). Growth-factor mRNAs that were down-
regulated included fibroblast growth factor 13
(FGF-13), FGF-7, and midkine. FGF-7 is an im-
portant growth factor for thymic epithelial cells

www.sciencemag.org SCIENCE VOL 322 31 OCTOBER 2008

KO

KO

(20, 21), and FGF receptors activaie signal trans-
ducer and activator of transcription 3 {(STAT3)-
mediated transcriptonal responses (22), a pathway
crucial for the maintenance of thymic medullary
cells (23). Midkine induces mesenchymal-epithelial
transition through the activation of STAT3 (24, 25).

Because STAT3 is autoregulated, the levels of
STAT3 are a useful indicator of ongoing STAT3
activity (26). In wf mice, STAT3 was specifically
expressed in medullary TECs (identified by ex-
pression of the K5 marker) and progressively lost
in medullary TECs in Tipm7-deficient thymi
(Fig. 4D). In 12-week-old Trpm?7 % (lok-Cre) mice,
STAT3 was not detectable in the remnants of the
atrophic thymic medulla. Similarly, although ac-
tivated phospho-STAT3 was readily detected im-
‘munohisiochemically in the nucleus of wi medullary
TECs, there was no evidence of activated phospho-
STAT3 in Tipm7-deficient medullary TECs (Fig.
4E). These data show that deletion of Trpm? in thy-
‘mocyles results in reduced STAT3 activity and abun-
dance in thymic medullary cells, which is expected
10 lead 1o a progressive loss of thymic architecture.

TRPM7 is the first TRP channel to be iden-
tified with a nonredundant role in embryogenesis
and the only ion channel known to be necessary
for thymopoiesis. The most notable feature of
TRPM7 is the permeation of Caz*, Mgb, and
trace metals in the very same structure that con-
tains a kinase. TRPM7 mediates exceedingly low
inward conductance, which suggests that the

actions of the permeant species are localized and
do not substantially affect global Mg™* levels,
Our work is now concentrated on how this bi-
functional protein mediates these effects on cell-
differentiation processes.

pe wn
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Fig. 4. Deletion of Tipm7 in thymocytes g\ [
results in progressive loss of medullary
epithelial cells. (A) Immunofluoresence
staining of thymus sections with anti-
bodies to thymic epithelial markers K8
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thymic cortex (C} and medullary (M) re-
gions. Scale bar, 200 pm. (B) Staining
of thymus sections to CD3 (green) and
K8 (red). (€} Dysregulated mRNA encod-
ing growth factors in knockout thymo-
cytes relative to wt thymocytes identified
by quantitative RT-PCR. Growth factors
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Microplate Sealing Film

A new gas-permeable rayon microplate sealing film has been shown to improve culturing
of mammalian cells, bacteria, and yeast culture by up to 70 percent compared with an
impermeable seal. Manufactured from high-permeability, medical-grade rayon, the new heat-
sealing film provides a uniform air and carbon dioxide exchange with all microplate wells,
unlike plate lids, which favor exchange for wells near the plate edges. The membrane also
reduces evaporation, enhancing longer term incubation experiments. Designed for use with
both manual and automated heat sealers, the new sealing film makes use of a noncytotoxic

adhesive to minimize sample cross-contamination.

For information +44-1372-824290
www.porvair-sciences.com

Syringe Filters

The regenerated cellulose (RC) syringe filters remove particulates
from the sample, which prevents buildup and blockage in
chromatography columns and frits while minimizing wear and tear
on injection valves. Sample filtration can reduce system downtime
and component replacement. The new RC membranes deliver clean
sample with no detectable leachates and are compatible with
high-performance liquid chromatography, gas chromatography,
immunochromatography, and capillary electrophoresis analysis. The
filters offer wider chemical compatibility compared with traditional
nylon membranes.

Phenomenex

For information 310-212-0555

www.phenomenex.com

Universal Cell Migration Kit

The Oris Universal Cell Migration Kit offers a 96-well format in which
cell seeding stoppers replace cumbersome membrane-based, cell
culture inserts to generate real-time results. Unlike the original Oris
Cell Migration Kit, the new universal assembly kit allows scientists
to coat the 96-well plate with any extracellular matrix component
to create a migration or invasion assay. A two-dimensional closure
assay can be designed by leaving the plate uncoated. The Oris
Cell Seeding Stoppers are then inserted into each well, where the
stopper tip creates a protected 2-mm round zone in the center
of each well. Cells are seeded and allowed fo adhere, and then
the stoppers are removed, exposing a detection zone into which
cells can move. An overlay of an extracellular matrix on the cells
after stopper removal provides a three-dimensional environment
for studying invasion. Cell movement can be monitored in real
time by staining and viewing cells with a microscope or digital
imaging system.

Platypus Technologies

For information 608-237-1270

www.platypustech.com

Metabolomics Resource Website

A comprehensive online resource center for metabolomics
researchers provides tools and technical advice to help scientists
studying small-molecule metabolite profiles. The Metabolomics

Electronically submit your new product description or product literature information! Go lo wwwe.scil

New Products

Parvair Sciences

Solutions Center enables users to tap into Thermo Fisher’s extensive
knowledge of metabolomics in a single, easy-to-navigate location.
It includes application notes, scientific posters, technical guides,
webinars, and customer articles from leading researchers in the
fields of agriculture, environmental toxicology, disease, nutrition,
microorganisms, lipidomics, and general applications.
ThermoFisher Scientific

For information 800-532-4752

www.thermo.com/metabolomics

Warmed Microscope Platforms

Warmed platforms are available for 35-mm and 50-mm petri dishes,
glass slides, and chambered slides. The WP-10 and WP-16 warmed
platforms are constructed of aluminum to allow temperature control
from 25°C to 65°C and are available in 10-mm and 16-mm aperture
sizes. These platforms provide excellent mechanical access from
below and have good heat conductivity. They are black anodized for
corrosion protection and to minimize stray light reflectance. Control
is provided by the TC-124A and TC-144 temperature controllers.
Warner Instruments

For information 800-599-4203

Www.warnerinslrumenls.com

Parallel Synthesizer

The Carousel 12 Plus Reaction Station is designed to provide busy
chemistry laboratories with an easy-to-use productivity tool that
simultaneously heats or cools, stirs and refluxes up to 12 samples
(1-20 ml) under an inert atmosphere. The Carousel Plus features a
new remavable reflux and gas distribution head that can be easily
transferred, with tubes in situ, between the Carousel’s heated base,
cooling reservoir, and support stand, providing a unique modular
system. The Carousel Plus includes a fluoropolymer insulation plate
that sits over the heated base to act as a barrier to heat loss. Viewing
slots in the heated base provide a view of the reaction tube contents
and stirring performance. The instrument operates from ambient to
180°C (220°C for short periods), and with the addition of a cooling
reservoir, to -78°C.

Radleys

For information +44-1799-513320

www.radleys.com
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2009 Annual Meeting

Our Planet and Its Life:
Origins and Futures
12-16 February * Chicago
Dear Colleagues,

The 2009 AAAS Meeting will bring together an exceptional array of
speakers addressing some of the most crucial and timely areas of
science, technology, and engineering.

The meeting’s theme — Our Planet and Its Life: Origins and Futures —
recognizes that 2009 is the 200th anniversary of Charles Darwin’s birth
and the 150th anniversary of the publication of his book, On the Origin
of Species by Means of Natural Selection. New understanding of the
processes that fascinated Darwin continues to be the focus of intense
research 150 years later. Indeed every discipline can demonstrate its
own unique evolutionary path and speculate on where it may lead.

Attendees from more than 50 countries will have the opportunity

to choose among a broad range of activities, including nearly 175
symposia, seminars, and career development workshops as well as
plenary and topical lectures by some of the world’s leading scientists
and engineers.

Typically the meeting includes thousands of participants and hundreds
of members of the international and national media. It offers
unparalleled networking opportunities. More details can be found at
www.aaas.org/meetings, including how sustainability science, an
emerging field, has found a home.

The Annual Meeting reflects tremendous efforts from the AAAS sections,
divisions, and committees, which we gratefully acknowledge. | also
extend a personal thanks to the members of the Scientific Program
Committee who reviewed and assembled the many excellent ideas and
proposals into this outstanding meeting.

| urge you to join us in Chicago,

James ). McCarthy, Ph.D., AAAS President and
Alexander Agassiz Professor of
Biological Oceanography, Harvard University
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James ). McCarthy

AAAS President; Alexander Agassiz Professor of
Biological Oceanography, Harvard University,
Cambridge, Mass.

McCarthy received his Ph.D. degree from Seripps
Institution of Oceanography and B.S. degree in
biology from Gonzaga University. He teaches
courses in ocean and climate science and
oversees Harvard’s program in Environmental Science and Public
Policy. His research interests relate to marine plankton,
biogeochemical cycles, and climate. He has served on and led many
national and international groups charged with planning and
implementing studies of global change, including chair of the
international scientific committee that establishes research priorities
and oversees implementation of the International Geosphere—
Biosphere Program from 1986 to 1993; founding editor for the
American Geophysical Union’s Global Biogeochemical Cycles; co-chair
of the Intergovernmental Panel on Climate Change (IPCC), Working
Group I, which had responsibilities for assessing impacts of and
vulnerabilities to global climate change for the Third IPCC
Assessment (2001); lead author of the Arctic Climate Impact
Assessment; and vice-chair of the Northeast Climate Impacts
Assessment. He has been elected a fellow of AAAS and the American
Academy of Arts and Sciences and a foreign member of the Royal
Swedish Academy of Sciences.

President’s Reception: Immediately following

Plenary Speakers

Sean B. Carroll
Professor of Molecular Biology and Genetics,
University of Wisconsin, Madison

9 Remarkable Creatures: Epic Adventures in
the Search for the Origins of Species

Until recently, scientists studying evolution relied

on fossil records and morphology to painstakingly
piece together a picture of how animals evolved. Today, scientists are
now using DNA evidence collected from modern animals to find new
clues. Molecular biologist Sean Carroll focuses on the way new
animal forms have evolved, and his studies of a wide variety of
animal species have dramatically changed the face of evolutionary
biology. Major discoveries from his laboratory have been featured in
Time, US News & World Report, The New York Times, Discover,
and Natural History. Carroll is the author of Endless Forms Most
Beautiful (2005) which was a finalist for the Los Angeles Times Book
Prize, and The Making of the Fittest (2006) which won the Phi Beta
Kappa Science Book Award. His most recent book, Remarkable
Creatures: Epic Adventures in the Search for the Origins of
Species, will be published in 2009. He is a member of the National
Academy of Sciences and an AAAS Fellow. He received his bachelor’s
degree at Washington University and his Ph.D. degree in immunology
from Tufts University.

Susan W. Kieffer

Center for Advanced Study Professor of Geology
and Physics, and Walgreen University Chair,
University of lllinois, Urbana-Champaign
Celebrating the Earth: Its Past, Our
Present, A Future?

Planetary scientist Susan Kieffer has degrees in
math, physics, geology, and planetary science, which is apparent in
the interdisciplinary nature of her work. She is internationally
renowned and a leading authority on the mechanisms of meteorite
impact, geyser dynamics, volcanic eruptions, and river floods. She
was the first scientist to describe the physics and chemistry involved
in the eruptions on Jupiter's moon lo, the lateral blast associated with
the eruption of Mt. St. Helens, the dynamics of Old Faithful as seen

by a micro video camera lowered into the geyser between violent
eruptions, and the hydraulics of the rapids of the Colorado River. With
colleagues, she described the dynamics of the Chixculub meteor
impact that caused vaporization of limestone, which resulted in
massive amounts of carbon dioxide in the atmosphere and ultimately
resulted in a major extinction event 65 million years ago. Kieffer is a
member of the National Academy of Sciences, a MacArthur Fellow,
and has received numerous awards and honors. She attended
Caltech, University of Colorado, Boulder, and Allegheny College.

Svante Pddbo

Director of the Department of Genetics,
Max-Planck-Institute for Evolutionary
Anthropology, Leipzig, Germany

A Neanderthal Perspective on Human
Origins

A biologist specializing in evolutionary genetics,
Svante Péibo is known as ane of the founders of paleagenetics, a
discipline that uses the methods of genetics to study early humans
and other ancient populations. He is conducting some of the most
exacting work ever attempted on the DNA of human and nonhuman
primates. His track record of discoveries began in 1985 when he
isolated DNA from a 2,400-year-old Egyptian mummy. In 2006, after
decoding fragments of DNA from the remains of Neanderthal, he
announced plans to reconstruct the entire genome. In 1992, he
received the Gottfried Wilhelm Leibniz Prize of the Deutsche
Forschungsgemeinschaft, which is the highest honor awarded in
German research, Pédbo's department in August 2002 published
findings about the evolution of the “language gene,” FOXP2, which is
lacking or damaged in some individuals with language disabilities. He
was born in Stockholm and earned his Ph.D. degree fram Uppsala
University. He is a member of the National Academy of Sciences.

To see speakers and up-to-the-minute meeting details, visit www.aaas.org/meetings.



Topical Lecture
Series

Colin F. Camerer

Timothy D. White
Professor of Integrative Biology,
University of California, Berkeley
Evolution of Early Humans

Jeanette Wing
Assistant Director, National Science
ation, Arlington, Va.

Robert Kirby Professor of Behavioral
Economics, California Institute of
Technology, Pasadena

Interface Between Cognitive
Psychology and Economics

Ekaterina Dadachova

Sylvia and Robert Olnick Faculty Scholar in
Cancer Research, and Associate Professor
of Nuclear Medicine and Microbiology and
Immunology, Albert Einstein College of
Medicine of Yeshiva University, Bronx, NY
New Approaches to the Therapy of
Infectious Disease

T. Conrad Gilliam

Marjorie I and Bernard A. Mitchell
Professor and Chair of the Department of
Human Genetics, University of Chicago, Ill.
Human Genetics

Lene Vestergaard Hau

Mallinckrodt Professor of Physics and of
Applied Physics, Harvard University,
Cambridge, Mass.

Wizardry with Light: Freeze, Teleport,
and Go!

Amory Lovins

Co-Founder, Chairman, and Chief Scientist,
Rocky Mountain Institute, Snowmass, Cole.
Profitable Solutions to the Oil,
Climate, and Proliferation Problems

Daniel G. Nocera

Professor of Energy and of Chemistry,
Massachusetts Institute of Technology,
Cambridge

Harnessing the Sun and Oceans To
Meet the World’s Energy Demands

Discount Airfares

United Airlines is the official carrier for the

2009 AAAS Annual Meeting.

For details about airfare discounts,
visit www.aaas.org/meetings and

select - Travel Infermation.

AAAS ANNUAL MEETING

Computational Thinking

2009 GEORGE SARTON MEMORIAL
LECTURE

Ken Alder

Professar of History and Milton H. Wilson
Professor in the Humanities, Northwestern
University, Evanston, Ill.

A History of the International
Scientific Conference

2009 Joun P. MCGOVERN AWARD
LECTURE IN THE BEHAVIORAL SCIENCES

Elizabeth Loftus

Distinguished Professor, University of
California, Irvine

Htusions and Delusions of Memory

Topical Panel

North-South Scientific International
Cooperation—Meeting Global
Challenges
Lord Martin Rees, President of the Royal
Society, Master of Trinity College, and
Professor of Cosmology and Astrophysics,
University of Cambridge, U.K.
|6zsef Palinkds, President, Hungarian
Academy of Sciences, Budapest (Invited)
Jacob Palis, President, Academy of
Sciences for the Developing World,
Rio de Janeiro, Brazil (Invited)

12-16 February 2009

Seminar Tracks

Day-long seminars address topics
at the intersection of science and
society: assessing and responding
to climate change, human
evolution, and nanotechnology

Assessing and
Responding to
Climate Change

Equity, Sustainability, and Governance of
Mixed-Use Landscapes

Organized by Ashwini Chhatre, University
of illinois, Urbana-Champaign
Sustainability has emerged as a necessary
objective of policy interventions. The future
of life on Earth depends on our ability to
devise governance systems that guide
nature-society interactions toward more
sustainable trajectories. Moving beyond the
role of institutions in dealing with trade-offs
among competing land uses along different
outcome dimensions — income generation,
biodiversity conservation, ecosystem
services provision, greenhouse gas
emissions, and carbon sequestration —
speakers will discuss the challenge of
devising complex multi-level governance
systems for mixed-use landscapes.

Risley Business: Assessing and Dealing
with Extremes in a Changing Climate
Organized by Claudia Tebaldi, Climate
Central, Palo Alto, Calif.

Extreme events are arguably the most
crucial aspect of climate change, threatening
to have the largest impacts on social and
natural systems. They pose tough
questions, often with heavy financial and
legal implications, about the distinction
between natural and human causes. This

Chicago



session explores what can and cannot be
reliably said about the influence of global
warming on several aspects of extreme
events: hurricanes, temperature and
precipitation extremes over North America,
and the attribution of specific historic events
to human-caused warming. Speakers will
discuss what kind of scientific information
can help us better understand past, present,
and future patterns of extreme events, while
taking steps to protect our resources and
adapt to a dynamic climate.

U.S. Cities: Responding to Concerns About
Climate Change

Organized by Donald J. Wuebbles,
University of llinois, Urbana-Champaign
Cities cover only 0.4 percent of the Earth’s
surface but generate the bulk of the world’s
emissions of carbon dioxide, making urban
areas key to alleviating the concerns about
global warming. Many cities are already
taking action by developing climate
adaptation and mitigation strategies for
their own communities. Several efforts are
already underway to attack the climate
issue, for example, by enhancing urban
planning, reexamining city policies,
improving energy efficiency, and
reevaluating local transportation systems.
The green roofs in Chicago are one such
response. Speakers will discuss the ongoing
efforts within U.S. cities toward adaptation
and mitigation of climate change.

Human Evolution

The Evolution of Human Diets

Organized by Matt Sponheimer, University
of Colorado, Boulder

Recent changes in human diet have been
implicated in the etiology of modern
diseases including Type |l diabetes,
arteriosclerosis, and several forms of cancer.
As a result, many have argued that our
dietary recommendations should be
informed by our knowledge of the feeding
behavior of human ancestors and our close
primate kin. In this session, researchers will
examine the evolution of human diets
through the lenses of archaeology,
morphology, biogeochemistry, ethology,
genetics, and energetics. Assembling
scientists who address similar questions in
different ways will underscore areas of
growing consensus and controversy and in
so doing should considerably advance our
knowledge of hominin dietary adaptations.

The Origin of the Human Species
Organized by Leslie C. Aiello, Wenner-Gren
Foundation for Anthrapological Research,
New York City

In On the Origin of Species by Means of
Natural Selection, Charles Darwin famously
said that “light will be thrown on the origin
of man and his history.” Although there were
no widely accepted human fossils at the
time of publication (1859), today there are
more than 2o fossil hominin species
spanning over & million years of prehistory.
This session brings together leading
international experts to discuss what the
extensive fossil and archaeological record
can tell us about six major periods in human
biological and cultural evolution.

Nanotechnology

Driving Beyond Our Nano-Headlights?
Organized by Joel G. Pounds, Pacific
Northwest National Laboratory, Richland,
Wash.

Nanotechnology has enormous potential

to benefit society and the economy. It also
might yield unanticipated, negative
environmental change. DDT had long-term
ecological side effects that were not
understood until organisms failed to adapt.
And, commercial development of genetically
maodified organisms was delayed by the
perception that risks from these organisms
outweighed their benefits. Speakers will
explore where the science of nanotoxicology
is heading, the challenges in understanding
and predicting long-term effects,
approaches to nanotoxicological research,
and the policy framework required.

From Donuts to Drugs: Nano-Bictechnology
Evolution or Revolution?

Organized by Rodney A. Hill, University of
ldaho, Moscow

The foods we eat and the drugs we take in
the future could be more revolutionary than
evolutionary, if research at the nano-bio
interface continues at its current pace.
Imagine targeted drugs and guilt-free food;
or treatments that make you even better
than new. Nanotechnology is driving the
development of tools to understand biology
better and materials to promaote good
health. Where is bio-nanoscience heading
and how can science and citizens work
together to ensure its success? This session
will turn to the interface between
nanomaterials and humans, and highlight
provocative, cutting-edge science.

Special AAAS
Membership
Offer

Do you have colleagues who are
not yet members of AAAS?

If they register in advance for the 2009
Annual Meeting in Chicago, they will
receive a one-year membership to AAAS
along with all member benefits. These
include a one-year subscription to the
journal Science, online access to Science
and all of its archives, and access lo
Science Express. International members
will receive Science Digital.

This offer is good for advance
registration only, and expires
on 19 January 2009. Only
nonmembers qualify.

Share the news now.

Register Now: Get special
discounts on meeting and
hotel registration.

Visit www.aaas.org/meetings and
select - Meeting Registration.

To see speakers and up-to-the-minute meeting details, visit www.aaas.org/meetings.



Special
Sessions

2009 Forum for
Sustainability Science

Programs

One of the biggest challenges that the
planet faces is how to balance the needs of
human development with the needs of the
environment, Policy-makers at all levels of
governance increasingly look to scientists
and engineers to provide guidance in
creating sustainable societies. Universities
are increasingly responding by developing
academic and research programs in
Science and Technology for Sustainable
Development or “Sustainability Science”
that undertake practical, place-based
research to provide decision-support for
addressing sustainability challenges.

Since the inaugural Forum at the 2007
AAAS Annual Meeting in San Francisco, the
AAAS Center for Science, Technology, and
Sustainable Development has convened
key university actors in Sustainability
Science to dialogue on collaborative
approaches to building this emerging field.

Though participants from the United States
and abroad hail from diverse perspectives
and institutions, most are experiencing
similar challenges as they develop
interdisciplinary programs, which combine
both basic and applied research methods.

As a follow-up to previous sessions which
identified key challenges and opportunities
(2007) and began to identify opportunities
to further connect these universities (z008),
the 2009 Forum will tackle a number of
common concerns for these programs
including:

+ Curriculum Development

» Sustainability Science and
Decision-Making

* Support for Interdisciplinary
Sustainability Research

The Forum will include a series of
roundtable discussions, led by key actors in
the sustainability science community.

2009 Forum for School
Science

The quality of science and mathematics
education is high on the list of concerns in
most countries of the world. Scientists and
educators in many countries are developing
and testing programs and practices,

including a number they have adapted from
U.S. initiatives. Many states are visiting
programs in other countries and attempting
to benchmark those that show high levels of
performance on international assessments.

In some cases, economical, cultural, and
social differences result in different ideas,
strategies, and adaptations. In other
countries, where elements of U.5.-
developed programs are implemented,
lessons can be learned from their results,
especially to inform the work of
transformation in the United States.

The Forum for School Science will offer a
series of “global” conversations with U.S.
and international presenters. The
discussions will include examples of
programs and current thinking in each area
and reflect on sympaosia to be offered in the
symposium track, Learning and Literacy,
Areas to be covered include:

+ Rethinking U.S. reforms of the curriculum
core (sharing, adapting, and delivering
malerials)

» Implementing what we know (policy,
research, and scaling)

* Restructuring undergraduate and
graduate STEM education

» Engaging the public with science and
education.

Welcome to

China, Greece, Italy, Mexico, Poland, and Russia.

In other words, welcome to Chicago. Easy access, big business, lots of science,
and great diversity make Chicago one of the truly global cities.
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Symposium
Tracks

Brain and Behavior

Beyond the Beagle: Evolutionary
Approaches to the Study of

Social Behavior

Organized by |ill Matea,

University of Chicago, Ill.

Comparative Cognition: The Science of
Mental Evolution

Organized by Edward A. Wasserman,
University of lowa, lowa City

Embodied Language and Cognition:
Brains, Mouths, and Hands

Organized by Philip Rubin, Haskins
Laboratories, New Haven, Conn,
Expression of Emotions: Biocultural
Perspectives

Organized by Carl A. Maida, University of
California, Los Angeles

Languages Without Ancestors
Organized by Karen Emmorey, San Diego
State University, Calif.

Post-Traumatic Stress Disorder and
the Military

Organized by Stephanie |. Bird,
Massachusetts Institute of Technology,
Cambridge, Mass.

Post-Traumatic Stress Disorder:
The New Battle for Veterans
Organized by Virginia R. G. Carson,
Chapman University, Orange, Calif.
The Science of Kissing

Organized by Albert H. Teich, AAAS
Science and Policy Programs,
Washington, D.C.

Social Emotion and the Brain
Organized by John T. Cacioppo,
University of Chicago, IIl.

Evolution and
Revolution

Animal Body Plan Evolution of
Development

Organized by Christopher ). Lowe,
University of Chicago, IIl.

Celebrating Darwin at 200: Explaining
How Human Morality Evolved
Organized by Douglas Allchin,
University of Minnesota, Minneapolis

Evolution Makes Sense of Biology
Organized by Eugenie C. Scott, National
Center for Science Education, Oakland,
Calif.

Foods of the Future
Organized by Clare M. Hasler, University
of California, Davis

Green, Gene, Growing Machines: The

lution of M lian Retroel it
Activity
Organized by Robert C. von Borstel,
University of Alberta, Canada

Genetics Meets Anthropology: How DNA
Unravels the Roots of Human Society
Organized by Eamonn Cahill, Office of
the Chief Scientific Adviser to the
Government of Ireland, Dublin

Host-Pathogen Interactions: Evolution of
Immune Defenses

Organized by Nancy E. Beckage,
University of California, Riverside

The Invisible Woman in Evolution:
Natural Selection and Life-Cycle Events
Organized by Marquisa LaVelle,
University of Rhode Island, Kingston
The Last Piece of Darwin's Puzzle: The
Evolution of the Social Mind

Organized by Dario Maestripieri,
University of Chicago, Ill.

Microbes in a Changing World:

The Lessons of Darwin

Organized by Roberto G. Kolter, Harvard
Medical School, Boston, Mass.

Origins of Complex Societies in Primates
and Humans

Organized by Robert D. Martin, Field
Museum of Natural History, Chicago, IIl.
Studying Vertebrate Gi Readi
Evolution's Notebooks

Organized by Eric D. Green, National
Human Genome Research Institute,
Bethesda, Md.

Symbiosis as an Evolutionary Driver:
Mergers of Cells and Genomes
Organized by Jeffrey D. Palmer, Indiana
University, Bloomington

Feeding a Hungry Planet

Adulteration, Counterfeiting, and
Smuggling: How Safe Is Our Imported
Food?

Organized by Ewen C. D, Todd, Michigan
State University, East Lansing

A 1i Impacts, Standards, and
Sustainability

Organized by Angela T. Bednarek,
Lenfest Ocean Program, Washington, D.C.

Beyond the Obituaries: Successful Fish
Stories in Ocean Conservation
Organized by Jeremy B. C. Jackson,
Scripps Institution of Oceanography,

La Jolla, Calif.

Evoluti y Shaping of Plant Form
Organized by David A. Baum, University
of Wisconsin, Madison

A Hunger for Power: The Global Nexus of
Energy and Food

Organized by Michael E. Webber,
University of Texas, Austin

Living Soil, Food Quality, and the Future
of Food

Organized by Preston K. Andrews,
Washington State University, Pullman

Nanofood for Healthier Living?
Organized by Aidan Gilligan, European
Commission, Brussels, Belgium
Protecting Our Planet Against Food Riots
in the Future

Organized by Ronald L Phillips,
University of Minnesota, St. Paul

The Promise of Translational Research
for Sustainable Agriculture: Darwin on
Steroids

Organized by Daniel Bush, Colorado
State University, Fort Collins

Global Partnerships

Advancing Women in Physics
Internationally

Organized by Beverly K. Hartline,
Delaware State University, Dover

Ambitious Materials for Energy 2020:
European Cooperation for Major
Breakthroughs

Organized by Carlos Saraiva Martins,
European Commission, Brussels, Belgium

Building a Diversified Portfolio: The Roles
of Nonprofits in Biomedical Research
Organized by Maria T. Vassileva,
Foundation for the National Institutes of
Health, Bethesda, Md.

East Asian Science Policies and New
Global Realities

Organized by Yaeko Mitsumori, National
Institute of Science and Technology
Palicy, Tokyo, Japan

Geologic Storage of Carbon Dioxide:
The Regional Carbon Sequestration
Partnerships Initiative

Organized by Sean |. Plasynski, U.S.
Department of Energy, Pittsburgh, Pa.

Internationalization of Science:
Looking Ahead

Organized by Gianpietro van de Goor,
European Research Council-European
Commission, Brussels, Belgium

To see speakers and up-to-the-minute meeting details, visit www.aaas.org/ meetings.



New Partnerships for Science in the
Cradle of Humanity

Organized by Sarah Banas, AAAS
International Office, Washington, D.C.

New Tools in Diplomacy: Environmental
Change, Conservation, and Conflict
Organized by Alex 0, Dehgan, U.5.
Department of State, Washington, D.C.
Science for Diplomacy: Building
Scientific Cooperation with North Korea
Organized by Linda Staheli, U.S. Civilian
Research and Development Foundation,
Arlington, Va.

Thirsting for Daily Sustenance: Public-
Private Partnerships for Global Water
Access

Qrganized by Usha R. Balakrishnan,
CARTHA, lowa City, lowa

Innovations for a
Healthy Society

215t Century Medical Challenges: Issues
of Development and Delivery

Organized by Paul H. Fagette, lllinois
Institute of Technology, Chicage

Adult Stem Cells: From Scientific
Process to Patient Benefit
Organized by Norbert Riedel, Baxter
International, Deerfield, Il

Emerging Genomic Tools for Predicting
Adverse Drug Reactions: Promises and
Challenges

Organized by Danny D. Shen, University
of Washington, Seattle

Epigenetics: Mechanisms and Impact on
Biomedicine

Organized by Walter Doerfler, University
of Cologne, Germany

Fighting the Rising Tide of Antibiotic
Resistance: Causes and Cures in the Sea
Organized by Carolyn Sotka, NOAA
Oceans and Human Health Initiative,
Charleston, 5.C.

Genetics of Addiction: What We Can
Learn from Genes?

Organized by Indridi Benediktsson,
European Commission, Brussels

Is the World's Drug Supply Safe?
Organized by Darrell R. Abernethy, United
States Pharmacopeia, Rockville, Md.
Medicines for Children

Organized by Indridi Benediktsson,
European Commission, Brussels, Belgium
Origins of the Perfect Face: Extreme
Makeovers

Organized by Mary MacDougall,
University of Alabama, Birmingham

Preimp Genetic Di
Beyond Natural Selection?
Organized by Aidan Gilligan, European
Commission, Brussels, Belgium

Species and Individual Differences in
Response to Drugs

Organized by Margaret 0. James,
University of Florida, Gainesville

Learning and Literacy

Celebrating Year of Science 2009: Efforts
To Improve Public Engagement in Science
Organized by Sheri Potter, American
Institute of Biological Sciences, Sarasota,
Ha.

College Science Courses: Remembering
C.P. Smow

Organized by Jon D. Miller, Michigan
State University, East Lansing

Conceptual Interference in Chemistry
and Biology Instruction

Organized by Melanie M. Cooper,
Clemson University, 5.C.

Concern for the Future: Civic Leadership
in Advancing Science Education
Organized by |ulie Parente, Museum of
Science and Industry, Chicago, Il

Discipline-Based Science Education
Research

Organized by David E. Meltzer, Arizona
State University, Mesa

Inquiry or Direct? Research-Based
Practices in Science Education
Organized by William W. Cobern, Western
Michigan University, Kalamazoo

K-12 Engineering Education in the
United States

Organized by Greg Pearson, National
Academy of Engineering, Washington, D.C.

Mathematical Biology, the New Frontier:
Educating the Next Generation
Organized by Bonnie Shulman, Bates
College, Lewiston, Maine

A New Kind of Scientist: Professional
Master's Education and U.S.
Competitiveness

Organized by Brad Wible, Northwestern
University, Evanston, [Il.

Science Cafés: Taking Science to Public
Places

Organized by Mikkel Bohm, Danish
Science Communication, Copenhagen

Science Policy 101: Taking Science
Policy Out of Washington and into the
Classroom

Organized by Tobin L. Smith, Association
of American Universities, Washington, 0.C.

Visualizing Earth: Teaching Geoscience
Using New Technologies

Organized by Marilyn ). Suiter, National
Science Foundation, Arlington, Va.

Machines, Systems,
and Knowledge

Analyzing Virtual Worlds: Next Step in
the Evolution of Social Science Research
Organized by Jaideep Srivastava,
University of Minnesota, Minneapolis
Big, Small, and Everything in Between:
Simulating Our World Using Scientific
Computing

Organized by Thomas H. Dunning,
University of lllinois, Urbana-Champaign

Casting New Light on Ancient Secrets
Organized by Silvana Damerell, Diamond
Light Source, Didcot, U.K.

Earth's History and Future Revealed at
the Frontier of Scientific Computing
Organized by Norman Chonacky, Yale
University, New Haven, Conn.

The Grid, the Cloud, Sensor Nets, and
the Future of Computing

Organized by Michael R. Nelson,
Georgetown University, Washington, D.C.

How Telescopes Made the Earth a
Planet: 400 Years After Galileo
Organized by Virginia Trimble, University
of California, Irvine

Information and Communications
Technology and Sustainable
Infrastructure

Organized by Priscilla P. Nelson, New
Jersey Institute of Technology, Newark

Interdisciplinary Approaches to the
Study of Large-Scale Human Networks
Organized by David Lazer, Harvard
University, Cambridge, Mass.

The Mathematical Twists and Turns of
Data Sets

Organized by Robert Ghrist, University of
Pennsylvania, Philadelphia

New Computing Platforms for Data-
Intensive Science

Organized by lan Fosler, Argonne
National Laboratory, Chicago, Il

Managing Environmental
Challenges

Basic Research for Global Energy
Security: A Call to Action

Organized by James Misewich,
Brookhaven National Laboratory, Upton,
N.Y.
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Biofuels Ablaze
Organized by Susan E. Cozzens, Georgia
Institute of Technology, Atlanta

Biofuels, Tropical Deforestation, and
Climate Policy: Key Challenges and
Opportunities

Organized by Holly Gibbs, University of
Wisconsin, Madison

Chicago Wilderess: Integrating
Biological and Social Diversity into the
Future

Organized by Sir Peter Crane, University
of Chicago, IIl.

Drake's Well to Solar Cells: 150 Years of
Energy Transitions

Organized by Audra |. Wolfe, Chemical
Heritage Foundation, Philadelphia, Pa.

Environmental Justice and Climate
Change

Organized by Nicky Sheats, Thomas
Edison State College, Trenton, N.J.

Food for Thought: Feeding Qurselves,
Feeding the Climate Crisis

Organized by Astrid |. Scholz, Ecotrust,
Portland, Ore.

The Future of the U.S. Climate-Observing
Capability

Organized by Thomas P. Ackerman,
University of Washington, Seattle

Global Trade and the Homogecene:
Lessons from the Great Lakes for the
World

Organized by David M. Lodge, University
of Notre Dame, Ind.

Keeping the Lights on: The Revival of
Nuclear Energy for Our Future
Organized by Aidan Gilligan, European
Commission, Brussels, Belgium

Plug-in Hybrids and Other Electric
Vehicles: Key to Planetary Mobility?
Organized by Tina Kaarsberg, U.S.
Department of Energy, Washington, D.C.

What Is New and Surprising Since the
IPCC Fourth Assessment?

Organized by Berrien Moore, University
of New Hampshire, Dover

Oceans, Earth, and Air

21st Century Water: Friend or Foe?
Organized by Charles |. Vorosmarty, City
College of New York, New York City

Crossing the Plate Boundary: Probing
Earthquakes at the Source

Organized by Charna E. Meth,
Consortium for Ocean Leadership,
Washington, D.C.

Disaster Scene Investigation: Lessons of
the Wenchuan Earthquake

Organized by Richard A. Stone,
AAAS/Science, Washington, D.C.

Emerging Threats and Research

Chall for Global Ec

Organized by William F. Laurance,
Smithsonian Tropical Research Institute,
Panama City, Panama

Facing Our Uncertain Future:

The Reality of Climate-Change
Adaptation in the Ocean
Organized by Emily Pidgeon,
Conservation International, Arlington, Va.
Life in the Extreme: The Deep
Biosphere's Influence on Global
Processes

Organized by Charna E. Meth,
Consortium for Ocean Leadership,
Washington, D.C.

Our Ct Planet: Achi of
the International Polar Year

Organized by Rolf Sinclair, Chevy Chase,
d.

Solutions for Resuscitating Dead Zones:
From Chicago to the Gulf of Mexico and
Beyond

Organized by Donald F. Boesch,
University of Maryland Center for
Environmental Science, Cambridge, Md.

Water: Who Gets the Last Drop?
Organized by Deon Stuthman, University
of Minnesota, St. Paul

On the Brink of
Discovery

Artificial Cells: Models of the Simplest
Life

Organized by Christine Keating,
Pennsylvania State University, State
College

Beyond E=mc2: Unveiling the Early
Universe with High-Intensity
Accelerators

Organized by Kurt Riesselmann,

Fermi National Accelerator Laboratory,
Batavia, Ill.

Closing in on High-Energy Physics
Discoveries: From the Tevatron to the
Large Hadron

Organized by Maria Spiropulu, European
Organization for Nuclear Research
(CERN), Geneva, Switzerland

Cosmic Cradle of Life

Organized by Mark T. Adams, National
Radio Astronomy Observatory,
Charlottesville, Va.

From Enlightenment Lunar Theories to
the Discovery of Extra Solar Planets
Organized by Ronald S. Calinger, Catholic
University of America, Washingtan, D.C.

Exciting Research at the Fermi National
Accelerator Laboratory

Organized by David M. Cook, Lawrence
University, Appleton, Wis.

Microbial Communication: Single Cells
Gain a Voice

Organized by Clay Fuqua, Indiana
University, Bloomington

Origin and Evolution of Planets
Organized by Gilbert W, Collins,
Lawrence Livermore National Laboratory,
Livermore, Calif.

Origins and Endings: From the
Beginning to the End of the Universe
Organized by Lawrence M. Krauss, Case
Weslern Reserve University, Cleveland,
Ohio

Quest for the Perfect Liquid: Connecting
Heavy lons, String Theory, and Cold
Atoms

Organized by Peter Steinberg,
Brookhaven National Laboratory, Upton,
N.Y.

Synthetic Life

Organized by Christina Smolke, California
Institute of Technology, Pasadena

Weird Life

Organized by Jill C. Tarter, SET! Institute,
Mountain View, Calif.

Research Techniques
and Resources

Bright Light for Better Health
Organized by Silvana C. Damerell,
Diamond Light Source, Didcot, U.K.

Evolution of Knowledge Production:
Exploring Creativity, Innovation, and
Networks

Organized by Gretchen B. Jordan,
Sandia National Laboratories,
Albuquerque, N.M.

Frontiers in the Plant Tree of Life
Organized by Michael Donoghue, Yale
University, New Haven, Conn.

The Future of U.S. Accelerator Science
Organized by Cherry A. Murray, Lawrence
Livermore National Laboratory,
Livermore, Calif.

To see speakers and up-to-the-minute meeting details, visit www.aaas.org/meetings.
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CELTIC STRENGTH:
SCIENCE IN IRELAND

Lush green hills, miles of rugged coastline, a vibrant history, charming
neighbors, a pub at every corner, and a prospering economy ... Sounds
like an idyllic place to live, but would you want to do your research there?
By Laura Bonetta

0 decade ago the answer likely would have been “no” for most
. scientists, but today Ireland is carving a place for itself among those
'> countries leading the world in scientific research and development. A

" significant commitment by the government to develop a “knowledge
economy” has resulted in greater opportunities for scientists and engineers.
“We areinatotally different world,” says David McConnell, head of the genetics
department at Trinity College Dublin (TCD). “Now we have the government
behind us.”

In 2007 the Irish government and European Union invested €995 million
(US$1.328 billion) in research. This is a considerable investment in a country
with a population of just over 4 million people. And the results are easy to
spot. Agrowing number of research institutes/centers and biotech companies
are popping up across the country, and more Irish students are obtaining
graduate degrees than ever before. As Ireland’s science enterprise begins
to establish itself, it is providing researchers with challenges, as well as
unparalleled oppertunities.

The Switch to Irish Funding

Until about 10 years ago, there was next to no funding for research in Ireland.
“The real lift-off began in 2000,” says Patrick Cunningham, the government’s
chief scientific adviser since 2007. “In the subsequent seven years the
government spending on research went up by 264 percent. That means that
the growth rate in research and development increased at twice the rate of the
economy, which is growing at a rate of 7 percent a year in Ireland.”

The Irish government announced in June 2006 a Strategy for Science,
Technology and Innovation invelving an investment of €8.2 billion (US$10.9
billion) over the next seven years. The purpose of the strategy was to turn
Ireland into a knowledge economy as the best way forward for economic
development. “It was a very deliberate policy change,” explains Cunningham.

Historically many pharmaceutical companies had established a presence in
Ireland because of favorable corporate tax breaks and relatively cheap labor,
“But the government realized that, if we were to remain attractive for foreign
investment, our people would have to be trained to perform higher level
functions,” says Cunningham.

In 2006, the seven Irish universities and a number of institutes of technology
awarded 979 Ph.D.s, 565 of which were in science and engineering disciplines.
One of the targets under the Strategy for Science, Technology and Innovation
is to increase the annual Ph.D. output to 1,300 by 2013. Additional goals
are to “increase the number of research teams led by internationally
competitive principal investigators” and to “develop sustainable career paths
for researchers.” g

From Top: Ireland’s coastline; Issault Lynch;
Patrick Cunningham; The CRANN SFI CSET Building
at Trinity College Dublin

| UPCOMING FEATURES
Regenerative Medicine (online only) — November 7
Diversity: GLBT (online only) — December 5

Faculty 1: Choosing the Right Postdoc
| for Your Lab — February 6

www.sciencecareers.org/businessfeatures 773



Focus on Ireland

These tasks fall in the hands of the Science Foundation Ireland
(SFI), the country’s main research funding agency—a cross
between the National Institutes of Health (NIH) and the National
Science Foundation (NSF)inthe United States. SFl was established
in 2000 to support researchers working in those fields of science
and engineering that underpin bictechnology, information
and communications technology, and sustainable energy and
energy-efficient technologies development. “SFI's mandate
is to invest in basic science in areas related to the economy,”
says Cunningham.

SFI has a budget of €1.4 billion (US$1.9 billion) to spend over
2007-2013, translating to about €200 million (US$267 million)
per year. “SFl is a component of a national economic program.
We are focused on scientific excellence rather than short-term
results,” says Frank Gannon, who became SFI director general
in July 2007, after leaving his post as executive director of the
European Molecular Biology Organization (EMBQ).

A major area of research funding for SFI is “interdisciplinary™
research—a catchword for many granting bodies but, says
Gannon, a good match for Ireland. “The country is extremely
well placed to be a leader in this area. We have many leading
pharmaceutical and software companies in a small country with
strong social networks. At SFI we look to develop programs in
convergence areas,” says Gannon. “In many other countries
research programs have grown more in silo fashion.”

A Changing Landscape

People who have worked in Ireland for many years have seen
a huge change. “After graduating from Caltech [California
Institute of Technology]in 1970, | came back to Ireland,” recalls
McConnell. “But it was not a good idea from the point of view
of a scientific career. In fact it was a silly move.” McConnell left
for Harvard University, where he worked 1976-1977, but then
returned to Ireland once again because “it looked as if things
were going to change,” he says.

McConnell joined the department of genetics at Trinity College
Dublin in the late 1970s, a department that had been founded
in 1958 with money from the Irish Sugar Company. At the time,
it was difficult to obtain funds to conduct the kind of research
McConnell had been used to doing in the United States.

By 1979, the European Commission (EC) started providing
some grants for research. McConnell and colleagues at Trinity
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became very adept at obtaining these grants. “We relied heavily
on EC funding for many years and built a lot of contacts with
European scientists,” recalls McConnell. With EC funding,
geneticists at Trinity were able to participate in three of the
early genome sequencing projects in yeast, Arabidopsis,
and Bacillus subtilis.

After the year 2000, Irish scientists began to switch from EC
funding to grants from SFl and other Irish agencies. “Today the
funding is outstanding,” says McConnell. “Itis sufficient to allow
you to compete internationally.” McConnell’s department—
which moved to the Smurfit Institute of Genetics in 1998 with
support from various philanthropies—currently receives €7
million (US$9.3 million) in annual research funding to support 15
groups and a total of about a hundred researchers. This year the
department celebrated its fiftieth anniversary with a symposium
held on 17-20 September with James Watson as a guest of
honor.

Ciaran Regan also returned to Ireland in the pre-SF| days, after
having worked many years in The Netherlands and London. “The
transformation has been phenomenal,” says Regan, a professor
of neuropharmacology at University College Dublin (UCD).
Regan’s lab is located in UCD’s Conway Institute of Biomolecular
and Biomedical Research, a new building constructed in 1999
with funds from government and private donors. “It is the most
magnificent and largest research center in Ireland,” says Regan.
“Working in this building has an unimaginable impact. It brings
pressure to deliver and maintain a certain standard of research,
but also an incredible sense of pride.”

Regan’s research focuses on synaptic plasticity—the ability
of connections between neurons to change in strength—and
its role in learning and memory. In addition to running his own
lab, he directs the Applied Neurotherapeutic Research Group,
a collaborative research initiative funded jointly by SFI and
Wyeth, to understand the molecular underpinnings of changes
in behavior and to identify new drug targets for diseases such as
schizophrenia.

This type of collaboration is not unique. GlaxoSmithKline is
investing up to €14.6 million (US$19.5 million) in a collaboration
with TCD and the National University of Ireland (NUI) Galway to
discover new therapies for Alzheimer’s disease.

Investing in R&D

Industry and academic partnerships are a common theme of
Irish research. It is not surprising considering that the small
country has a very high concentration of major pharmaceutical
companies: Genzyme, Pfizer, Amgen, GlaxoSmithKline, Merck
Sharp & Dohme (part of the US company Merck & Co.), Boston
Scientific, Wyeth, Johson & Johnson, Abbott, and others have
substantial operations in Ireland. According to the Industrial
Development Agency (IDA), Ireland has established itself as the
most popular destination for development and manufacture
outside the United States. In 2006 the pharmaceutical and
biotech industries brought in the bulk of the €2.6 billion (US$3.5
billion) the region saw in capital investment projects.
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CREDIT, PHOTO COURTESY GF SFI



O ONCAREER

Focus on Ireland

-

—
I g e
I -t

ol |

e

ed Participants

Applied Neurotherapeutics Research Group
www.ucd-neurotherapeutics.com/ ~conway

European Commission (EC)
ec.europa.eu

Industrial Development Agency
www.idaireland.com

National Institute for Bioprocessing Research
and Training
www.nibrt.ie

National University of Ireland (NUI)
www.nuigalway.ie

Science Foundation Ireland (SFI)
www.sfi.ie

Trinity College Dublin (TCD)
www.tcd.ie

University College Dublin (UCD)}
www.ucd.ie

Several factors make Ireland attractive to foreign investors. The country
has one of the world’s lowest rates of corporation tax, with the maximum rate
for trading profits of 12.5 percent. It also provides many economic incentives
for intellectual property developed and licensed from the country, such as
patent royalty exemption and a research and development tax credit.

But another attraction is that Ireland has a skilled labor force, according to
Daniel Hoey and Bryan Meehan, managers at two Merck, Sharp and Dohme
facilities in Ireland. The plant in Ballydine, established in 1976, currently
employs 340 people. Merck is now investing €100 million (US$133 million)
to expand the plant and create 120 new positions over the next three years.
“We will now start doing late-stage process and analytical development as
well as the launch of new products from this site,” says Hoey.

Plans are also under way to establish a new €200 million (US$267 million)
vaccine facility in Carlow Town with the support of IDA Ireland. The plant,
which will develop and manufacture human vaccines, is expected to launch in
2011 and will create 170 new jobs. “We decided to build the plant here after
considering a number of sites worldwide,” says Meehan, adding that key
considerations included government collaboration, access to top scientists,
and a proven track record in Ballydine. “We are just starting to hire now and
the talent we are seeing is first class.”

And Merck is not uniqgue in its expansion efforts. Pfizer will build a €190
million (US$252.7 million) biotechnalogy factory in Cork to make drugs the
US company is testing to replace older medicines. The plant will be Pfizer's
sixth in the country. In December 2006, Eli Lilly and Company announced it
was to invest up to €400 million (US$532 million) in a program to establish
a biopharmaceuticals development and manufacturing facility in Kinsale.
“Until 10 years ago most companies only did production in Ireland. Most
carried out no development,” says Barry O'Dowd, IDA Ireland’s manager for
pharmaceuticals and biotechnology. “Today 70 percent of companies are
doing some development work.”

In addition, an increasing number of startups are popping up in Ireland.
Opsona Therapeutics, for example, a drug development company focusing
on the regulation of the human immune system, was founded in Dublin in
2004 by three immunologists at Trinity College Dublin. One of Opsona'’s main
investors is the California-based biotech company Genentech.

A Developing Science Environment

An indication that Ireland provides a favorable research environment is
that researchers from the United States, UK, Germany, and other European
countries are moving there. To facilitate the move SF| provides awards to
established researchers relocating to Ireland — up to €500,000 (US$665,000)
per year for up to two years to set up a new lab.

After obtaining one of these awards, Kevin Sullivan left his lab at the
Scripps Research Institute in sunny San Diego, where he had spent close to
20 years, to join NUI Galway on the west coast of Ireland.

In 2004, Noel Lowndes at Galway was gearing up to form a center of
excellence for the study of chromosome biology, Sullivan's field of expertise.
The prospect of joining that group, which today comprises 10 labs in the
Center for Chromosome Biology, combined with increased science funding in
Ireland and a gloomy funding scene in the United States prompted Sullivan to
mave. “It is a very collegial environment,” he says. “Here at the center, there
is a desire to inform and participate in each other’s research.”

One of the goals of the Center for Chromosome Biology is to establish
screening techniques using small interfering RNAs (siRNAs) to find
new targets for anticancer drugs, as well as gain a better
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understanding of fundamental cancer mechanisms. While
Sullivan is optimistic that this kind of research can be done
in Ireland, he bellieves that the expensive and extensive
infrastructure it requires is not yet in place. “We budget about
€15,000 (US$19,950) operating expenses for each researcher
per year. To do one of the siRNA screens you need about
€50,000 (US$66,500), more than three years worth of operating
expenses for an individual,” he explains. “This type of science
is a big investment and, while the return in terms of basic
science can come rapidly and with high impact, the translation to
biotechnologies is less certain and certainly longer term.”

While in the United States there is a long history of funding
basic science and there are many large and established centers
that researchers can tap into, Ireland’s research enterprise is still
in its budding stages. “Ireland is still very youthful in its drive
to become an internationally competitive center for biomedical
research,” says Sullivan. That can be a source of some frustration
at times, but being in a position to impact positively on Ireland’s
scientific development is an attraction to many people.

Pauline Rudd at UCD is one of them. “There is a real sense
that you can help make a difference. A few weeks ago | met the
minister of the Department of Enterprise, Trade and Employment
[limmy Devins] and he actually knew who | was, That would be
unlikely to happen in a country like the UK,” she says. “Here, you
can influence the direction that science is taking because you are
close to the people making the decisions.”

Collaborations Take Center Stage

Rudd moved to UCD from the Glycobiology Institute at the
University of Oxford in the UK to join the National Institute
for Bioprocessing Research and Training (NIBRT). The goal
of this newly established institute, funded to the tune of €72
million (US$95.76 million) by IDA Ireland, is to support the
biopharmaceutical industry at all levels. “If a company decides
to move to Ireland and has specific scientific issues they are
grappling with, they can come to NIBRT and we will help them
solve their problems,” says Rudd.

NIBRT scientists will provide training in the whole spectrum of
bioprocessing activities as well as undertake research projects
to advance current knowledge of bioprocessing technologies and
techniques. “It is always a dream for academics to see practical
applications of their work,” says Rudd. “It would be a privilege
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to know that we contributed to the development of a drug that is
helping patients.”

Ruddis a world-renowned expert in glycobiology, or the study of
sugar molecules, a field that is becoming increasingly important
to the pharmaceutical industry. Many of the new biological drugs,
or biologics, currently being manufactured are glycoproteins,
i.e., proteins with attached sugar molecules. It is thus important
to have ways to quickly establish the glycosylation status of a
protein at all stages of bioprocessing. For example, about 40
percent of the hormone erythropoietin has to be discarded during
manufacturing because of inappropriate glycosylation.

Rudd also carries on an independent research program at
NIBRT and has a joint appointment at UCD. She has found that
Ireland provides wider opportunities for academic collaboration
than in the UK. “Most research grants in Ireland involve being in
big interdisciplinary clusters,” says Rudd. “It forces you to relate
your expertise to a completely different field.”

This spirit of collaboration led to the launch of a new netwaork of
academic researchers with multimillion euros of funding, called
GlycoScience Ireland, in April 2008. The network is planning a
research collaboration to understand how specific bacteria
colonize the human gut by modifying the sugars attached to
cells that line the intestines—the results of which will have
implications for the milk production industry since some bacteria
in milk become part of the human intestinal flora.

“This kind of collaboration would be unlikely to happen in
England,” says Rudd. “In the UK, collaborations tend to be
between a small number of laboratories and we would ask
relatively focused, academic-type questions. Here many more
labs participate and the questions we ask are more global in
relevance. It is exciting and challenging.”

There is no doubt that in a short time Ireland has undergone a
dramatic change. Although the research enterprise is still just de-
veloping, today moving to Ireland can be a positive career move
for many. “If you want to move to a cosmopolitan city, join a uni-
versity that is over 400 years old and do first-class science, you
should come for a visit,” says Trinity College’s McConnell. And
for anyone worried about the unpredictable weather, McConnell
says there is plenty of Guinness to go around to make up for it!
Laura Boneita is a scientist turned freelance writer based in the
Washington, D.C., area.
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