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transplantation. Zygote outer diameter,
70 to 80 micrometers. See page 482,
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Science

SCIENCE EXPRESS

WIWIWL SO il'_'!'lC SXRIess.org

PHYSICS
Quantum Hall Effect in Polar Oxide Heterostructures
A. Tsukazaki et al.
The guantum Hall effect, usually seen in semiconductors, is now also seen ina
layered zinc-magnesium oxide.
10.1126/science. 1137430

CELL BIOLOGY

A Membrane Receptor for Retinol Binding Protein Mediates Cellular

Uptake of Vitamin A

R. Kowaguchi et al,

A membrane protein with a previously unknown function binds the carrier protein

for vitamin A, causes release of the vitamin, and transports it into cells.
10.1126/science, 1136244

MEDICINE

Cadherin-11 in Synovial Lining Formation and Pathology in Arthritis
D.M. Leeetal

A mouse version of rheumatoid arthritis can be ameliorated by inhibition or
elimination of a cell surface adhesion molecule found within joints, suggesting
a therapeutic approach for humans.

10.1126/5cience. 1137306

BIOCHEMISTRY

Emulating Membrane Protein Evolution by Rational Design

M. Rapp, 5. Seppdld, E. Granseth, G, von Heijne

Stepwise modifications to a drug efflux pump show how the bacterial dimeric pump

may have evolved through duplication and inversion of an ancestral protein domain,
10.112605c0ence. 1135406

TECHNICAL COMMENT ABSTRACTS

EVOLUTION

Comment on "Evolutionary Paths Underlying 461
Flower Color Variation in Antirchinum"

M. D. Rausher

full text at wwm sciencemag.org’cgifcontentfull315/581 14610
Response to Comment on “Evolutionary Paths

Underlying Flower Color Variation in Antirchinum”

A, C. Whibley et al.

full text at www sciencemag.org’cgiicontentfull315/581 1461b
REVIEW

MICROBIOLOGY

Recombination and the Nature of 474

Bacterial Speciation
C. Fraser, W. P. Hanage, B. G. Spratt

BREVIA

ECOLOGY

Sex-Specific UV and Fluorescence Signals in
Jumping Spiders

M LM Lim M F Land D. Li

Ultraviolet light is required for courtship in some jumping spiders:
Males recognize females” Uv-elicited fluorescence; females recognize
males by UV-reflective patches on their bodies.

RESEARCH ARTICLE

DEVELOPMENTAL BIOLOGY
Histocompatible Embryonic Stem Cells
by Parthenogenesis

Kitari Kim et al.

Mouse embryos that develop by parthenogenesis can be a source of
embryonic stem cells immunologically compatible with the donor,

REPORTS

MATERIALS SCIENCE

Reversible Switching of Hydrogel-Actuated

Nanostructures into Complex Micropatterns
A. Sidorenko

Silicon nanocolumns embedded in a polymer hydrogel rapidly change
their tilt in response to changes in humidity; complex patterns can be
made by adjusting the stress field of the gel

APPLIED PHYSICS

Electromechanical Resonators from Graphene Sheets

J. 5. Bunch et al.

A graphene sheet one atom thick, suspended across a nanoscale
trench, can be induced to vibrate optically and electrically, providing
the ulimate two-dimensional resonator.

CHEMISTRY

Improved Oxygen Reduction Activity on PtNi(111)
via Increased Surface Site Availability

V. R. Stamenkovic et al.

The Pt-enriched outer surface layer of the close-packed (111) surface
has an altered electronic structure that favors 0, adsorption over
species such as OH.
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490
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Science

REPORTS CONTINUED...

CHEMISTRY

Water Catalysis of a Radical-Molecule 497
Gas-Phase Reaction

E. Véhringer-Martinez el al.

Measurements of reaction rates and simulations show that water
maolecules can act as catalysts in the gas phase and may participate
in low-temperature reactions in the atmosphere.

== Perspective p. 470

PLANETARY SCIENCE

Martian Atmospheric Erosion Rates 501
5. Barabash et al.

Measurements from Mars Express show that the solar wind is
removing only a small amount of Mars’ atmosphere, implying

that the formally abundant H,0 and CO, remain underground,

GEOPHYSICS

Slow Earthquakes Coincident with Episodic Tremors 503
and Slow Slip Events

¥ lto, K Obara, K Shiomi, 5. Sekine, H. Hirose

Aseries of weak low-frequency earthquakes correspond with

seismic tremar and slip episodes on a subduction zone beneath
lapan, perhaps increasing overall stress. == Perspective p. 471

OCEAM SCIENCE

Strong Relationship Between DMS and the 506
Solar Radiation Dose over the Global Surface Ocean

5. M. Vialling and R. Simg

The amount of dimethylsulfide produced by marine organisms helps
to form clouds but depends on the amount of local sunlight, forming
a negative feedback system.

MICROBIOLOGY

A Plasminogen-Activating Protease Specifically 509
Controls the Development of Primary Pneumonic Plague

W W Lathem, P. A. Price, V. L. Miller, W, E. Goldman

Plague bacteria can infect the lung because of the presence

of a specific protease, which probably helps to inhibit host

defenses and may be a useful therapeutic target.

MICROBIOLOGY

A Virus in a Fungus in a Plant: Three-Way Symbiosis 513
Required for Thermal Tolerance

L. M. Mdarquez, R. 5. Redman, R. ]. Rodriguez, M. ]. Roossinck
A heat-tolerant grass in 65°C Yellowstone soils can grow only when
infected by a fungus, which is protective only when it itsell is infected
by a mycovirus,

MEUROSCIEMCE

The Meural Basis of Loss Aversion in 515
Decision-Making Under Risk

S. M. Tom, C. R. Fox, C. Trepel, R. A Poldrack

Overlapping brain networks respond mare to gambling losses than to
gains, correlating with behavioral observations about risk aversion,

AYAAAS
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DEVELOPMENTAL BIOLOGY

Asymmetric Inheritance of Mother Versus Daughter 518
Centrosome in Stem Cell Division

Y. M. Yamashita, A. . Mehowald, ). R. Perlin, M. T. Fuller

In the process of producing differentiating daughters, the mather
centrosome of Orosophile male germ cells is anchored via a
microtubule array near the niche, producing asymmetric division,
== Perspective p, 469

DEVELOPMENTAL BIOLOGY

Kinetics of Morphogen Gradient Formation 521
A. Kicheva et al.

The kinetic parameters that establish and maintain morphogenic
gradients are defined and measured for two key morphogens in
Drosophila.

GEMNETICS

A "Silent” Palymorphism in the MDR1 Gene 525
Changes Substrate Specificity

C. Kimchi-Sarfaty et al.

A rare, but synonymous, codon in alleles of a drug-resistance gene
can change translation kinetics and so produce a conformationally
distinct protein species. == Perspective p. 466

IMMUNOLOGY

Imaging of Germinal Center Selection Events 528
During Affinity Maturation

C. D. C Allen, T. Okada, H. L. Tang, ]. G. Cyster

During selection of immune cells that make high-affinity antibodies
within tymph nodes, the cells are highly mobile and seem to compete
for help from other immune cells.

NEUROSCIENCE

Damage to the Insula Disrupts Addiction to 5
Cigarette Smoking

N. H. Nagvi, D. Rudrauf, H. Damasio, A. Bechara

Smokers who sustain damage to the insula, a litle-studied part

of the brain, find that the urge to smoke is reduced.

518
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Novel Synchrotron Shifts Into Neutral
Gently accelerated beams could probe the interactions
between colliding molecules,

A Kiss to Help Forget a Fight
Some birds appear to manage fallout from conflicts
much like pnmates do.

Taking Blood Cells for a Spin
Tiny tornadoes might simplify blood tests.

Micella's back, as a postdoc.

SCIENCE CAREERS

VoW, SCIBNCecareers,ong

US: Educated Woman, Postdoc Edition—New Year, New Life
M. P deWhyse

Mow a postdoc, Micella discusses her recent ransition and ponders
what lies on the road ahead.

Cleaved to regulate transcription.

US: Returning to Academia

SCIENCE’SSTK X el

Some scientists have made the move to industry a roundtrip.
www.stke.org SIGN AN

ITALY: Getting Up to LT,

PERSPECTIVE: EGFR Signaling Inhibits E2F1-Induced E. Pain
.ﬁ.paptnsis in Vivo—I|mplications for Cancer Therapy Valerie Materese left academia and her home country to set up
D. Ginsberg an editing and information research company,

Insights from regulation of cell death during fly development
offer clues to potential cancer therapy.

PERSPECTIVE: Split Personality of Transcription Factors
Inside and Qutside the Nuclear Border

J. R. Naranjo and B. Mellstram

Three transcription factors act outside the nucleus to regulate
calcium homeostasis.

SCIENCEPODCAST

Listen to the 26 January Science
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damage that disrupts smoking
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that confers heat tolerance,
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Making a Stand

Many responsive materials, such as hydrogels,
are made from polymers that can swell or
shrink with changing exposure to a solvent.
Although these materials can respond rapidly,
there is a limit to the complexity in their shape
change, as well as to the amount of stress thal
can be exerted on such soft materials.
Sidorenko et al. (p. 487} constructed two
architectures in which silicon nanocolumns are
either freely embedded in a polymer hydrogel
or attached to the underlying substrate. When
the hydrogel changes dimension upon exposure
to water vapor, the nanocolumns are lifted up
and stand up off the surface. This actuation is
fast {on the order of seconds) and reversible,
The hydrogel can also be templated so that the
motion of the silicon nanocolumns occurs in a
specilic patlern.

Slow Rumble

lapan installed seismic networks on the Nankai
subduction zone after the Kobe earthguake, and
the resulting measurements have revealed a
wealth of new phenomena, including nonvol-
canic tremor, long-penod volcanic events, and
slow earthquakes. Ito et al. (p. 503, published
online 30 November; see the Perspective by
Dragert) identify yet another type of seismic
reverberation, that of very-low-frequency events
with equivalent magnitudes of 3 to 3.5 and
long periods of tens of seconds. The very-low-
frequency earthguakes accompany and migrate
with nonvolcanic tremor and slow slip events.
The coincidence of these three phenomena
improves the detection and characterization of
slow earthguakes, which are thought to increase

the stress on the updip megathrust earthquake
rupture zone.

Aqueous Acceleration

The role of water in many atmospheric reactions
remains poorly understood at the molecular

level because it is difficult to distinguish nonspe-
cific effects, such as collisional activation, from
Véhringer-Martinez et al.

(p. 497; see -

the Perspec- \,
combined pre- |
cise kinetic measurements \\
with guantum-chemical calcula
individual water molecules in the gas-phase
reaction of OH radicals with acetaldehyde, Their
resulls suggest that water complexation to
attack by OH. The increasing instability of such
complexes with rising temperature accounts for
an unusual negative dependence on tempera-

direct participation of water as a catalyst.

tive by Smith)

tions to implicate a catalytic role for
acetaldehyde lowers the subsequent barrier 1o
ture of the magnitude of the catalytic effect.

Beating on a
Graphene Drumskin

A resonator vibrales in response to an applied
external force, and making a resonator thinner
and less massive will generally cause it lo operate
at higher frequencies and have better sensitivity.
Bunch et al. (p. 490} exfoliated ultrathin sheets
of graphene from graphite and suspended the
two-dimensional layers across a trench. They then

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

Sunlight, Clouds, and
Dimethylsulfide

Dimethylsulfide is produced in abundance by marine orga-
nisms and is a precursor for a major fraction of cloud-
forming aerosols. Thus, it has been suggested that oceanic
primary productivity could be part of an important feedback
loop involving clouds. Vallina and Simé (p. 506) report that
dimethylsulfide concentrations over the remote ocean are
strongly correlated with the amount of solar radiation
received by the upper mixed layer of the ocean. This
response could produce a negative feedback in which
dimethylsulfide emissions are inhibited as the increased
cloudiness they cause reduces the amount of light received
by the pelagic ecosystem.

actuated the thin sheets optically and electrically,
thereby realizing the ultimate limit of resonators
only one atom in thick ness.

Fewer Escapist Tendencies

Early in its history, Mars was once wel and humid
and had a denser atmosphere than it has today.
This atmosphere was supposedly battered by the
solar wind and lost into space. Barabash et al.
(p. 507) find that the escape rate today for gases
in the martian atmosphere is
. very low, based on measure-
ments from the orbiting
Mars Express spacecraft.
‘. Propagating these rates back-
ward over a period of 3.5 Gy would
result in the removal of 0.2 to 4 mbar
of CO, and a few centimeters of water. Rather
than having left the planet, CO, and water could
instead be locked away beneath its surface.

A Species by
Another Name?

There is considerable uncertainty about what
constitutes a species for bacteria because of the
apparently rampant horizontal gene exchange
that occurs between microorganisms, which
seems Lo result in microbial populations being
blended. Fraser et al. (p. 476) focus on the dis-
tribution and effect of mutation and recombina-
tion freguencies and, by combining a modeling
approach with a review of the existing data,
reveal the conditions under which bacterial speci
ation may occur.

Continued on page 435
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This Week in Science

Contfnued fram page 433

Like Mother, Like Daughter

Tissues derived from embryonic stem cells may prove therapeutically useful, but a likely problem will
be the rejection of stem cells that carry surface antigens dissimilar from those of the recipient. In
order to create embryonic stem cell lines that carry matched surface antigens, Kim et al. (p. 482,
published online 14 December; see the cover) have analyzed parthenogenetic derivation of embry-
onic stem cells in the mouse. Using oocyles from two separate phases of mitosis, they induced
parthenogenetic development, in which the cells carry two copies of the maternal genome, Stem cells
derived from these embryos would be a specific match for the donor of the oocyte. Such partheno-
genetically derived stem cells could produce many, but not all, tissues, possibly because of the
absence of the paternally imprinted genome.

Plaguing the Lungs

Plague is not just transmitted by fleas; hypervirulent pneumonic plague can be transmitted directly
among people by coughing. Lathem et al. (p.509) show that a specific virulence factor from
Yersinia pestis, plasminogen activator, is injected into host cells and promotes proliferation of the
bacteria and massive lung inflammation. It is possible that this bacterial protease converts host
plasminogen into plasmin, thereby releasing trapped bacteria from fibrin clots. Thus, inhibiting
plasminogen activator during therapy might slow disease progression and allow antibiotics time to
take effect,

Stop Smoking

The region of the brain called the insula has received relatively little
attention in drug addiction literature. Nagvi et al. (p. 531) now report
the results of a retrospective anatomical analysis of a large cohort of
brain-damaged patients. The analysis was prompled by their observa-
tion of a single patient with insula damage who quit a severe nicoline
addiction immediately upon recovery from his acule neurological dam-
age without any apparent difficulty or relapse. Damage to the insula
appears lo reduce the urge to smoke rather than, for example, reduc-
ing the reward or reinforcement associated with smoking.

Three-Way Partnership

A three-way endosymbiosis involving a grass, a fungus, and a virus has been discovered in the hot
spots of Yellowstone Mational Park by Marquez et al (p. 513). A virally infected fungus infects the
host grass's roots and confers heat tolerance to both grass and fungus. Furthermore, it is the virus in
the fungus that allows it to endow this tolerance. Fungus lacking the virus did not provide heat resist-
ance Lo its host grass until it was reinfected.

Heads, | Win

One of the enduring observations in support of human irrationality is that we are disproportionately
sensitive to losses relative to gains. When offered a 50-50 gamble, the potential gain needs to be
twice as large as the potential loss in order for subjects to exhibit an equal willingness to accept or to
reject the gamble. Tom et al. (p. 515) have mapped a set of brain regions that respond parametri-
cally to the sizes of potential gains and losses, and show that these regions are more sensitive to
losses. Furthermore, the between-subject differences in neural responses reflect the between-subject
differences in their behavioral aversion to losses,

Inside B Cell Central

B cells become effective factories for antibody production only after they have gone through a
series of maturation steps that select clones of B cells carrying somatic mutations for high-affinity
antibodies. This process takes place in the germinal center, where B cells are also thought to com-
pete vigorously for available antigen. Using intravital microscopy, Allen et al. {E- 528; published
online 21 December) observe that the behavior of germinal center B cells is more consistent with a

competition for the attention of helper T cells than for scarce antigen. This finding could prove use-

ful in considering how best to stimulate robust immune responses with vaccines.
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Monica Bradliord is
the executive editor
of Science.

Catalytic Connections

WE ALL KNOW THAT AT CONFERENCES, THE REAL EXCHANGE OF IDEAS HAPPENS DURING
the breaks and meals. Through informal communications, we discover common bonds and
passions on which we build future collaboration. The International Conference of Women
Leaders in Science, Technology and Engineering in Kuwait this month, which brought together
Arabscientists and engineers from the Middle East and North Africa(MENA) with U.S. women

holding similar positions, was an effort to spark such connections. Against the backdrop of

the present polincal chimate, charged with concerns about terrorism, nuclear proliferation, and
economic vulnerability, I was thrilled to see business cards being swapped at an astomishing rate.
The richness and sincerity of these interactions provided tangible evidence of the catalytic effect
that women could have on the region.

The conference was organized by the Kuwait Foundation for the Advancement of Science. the
Kuwait Institute for Scientific Research, the Arab Fund for Economics and Social Development,
the American Association for the Advancement of Science
{publisher of Science). and the U.S. Department of State,
under the auspices of the prime minister of Kuwait, A central
purpose of the meeting was to foster leadership skills by cre-
ating networks among female scientists in the region and
between those scientists and U.S. women. As Yasmin A,
Almubarak Alvwaijri, an epidemiologist from Saudi Arabia,
wrote, “Our mere presence together there. created a dialogue
that will Lay down the foundations for future collaborations.™

Clearly, a vibrant community of women scientists is
emerging in the region. Atthe conference, many Arab women
met regional counterparts for the first time. As personal stories were shared. generalizations
quickly vanished. Some ofthe atendees were internationally known, whereas others had traveled
outside their home country for the firsttime; same were mvant-garde, others traditional; many had
children betore pursuing therr degrees: some had returned home hoping to make a difference atter
years abroad, while others had found opportunities in their own countries. Yet all remained
tocused on making a contribution through their work even when societal norms presented obsta-
cles, Confident and articulate, these women understand that socioeconomic development of the
region depends on global capacity-building and strategic investment in science and technology.

Before the meeting, my own image of Arab women was of an oppressed and marginalized
group, Yet statistics presented during the meeting by Samira Islam painted a more nuanced
picture. Drawing from a 2005 United Nations Educational. Scientific and Culwral Organization
report, she noted that 74% of science graduates in Bahrain are women. as compared to 43% in
the United States. Unfortunately, this positive indicator is offset by the World Bank Group
GenderStats data for 2004, which point out that women make up only 19% of the total labor

torce in Bahrain, while they account for 46% in the United States. The World Bank sector brief

Ciender in MENA focuses on this paradox and notes that “unlike in other regions of the world,
significant progress in reducing gender gaps in education and in lowering fertility rates has not

carned through into MENA' labor market.” These observations were borne out by some of

the mtendees for whom a science education is a reality. but full partcipation in the work force
is still elusive. As the 2000 InterAcademy Council report Women for Science stated. “global
capacity bullding . . . 15 impossible without full engagement of women at the grassroots.”
Hopetully, this conference will signal to the region that the ume for full engagement is now.

In stepping out of my own comfort zone to attend the conference. | carned some unease. [ was
not eager to fly over Baghdad and felt a limited knowledge about the Arab world. My daily world
as an editor provides intellectual stimulation and, [ thought, a sufficient level of engagement. But
the eyves of a Yemeni woman—all that I could see of her—showed me that there is more wo
encounter, and her gaze spoke volumes: a shared thirst for knowledge. professional achievement.
and the chance to make a difference, On the meeting's last day, she spoke of her gratitude for
the conference and of how it had liberated her, Her eves, her presence, had equally liberated
me and, no doubt, others.

= Monica Bradford

10,1126 /5cience. 1140004
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CELL BIOLOGY

Caught in the NET

When circulating neutrophils are challenged by microbes, they can transform
themselves into neutrophil extracellular traps or NETs, which are constructed
out of chromatin (from the nucleus) and granule proteins (from the cyto-
plasm), These NETs grab hold of and sequester bacteria—and in doing so,
they keep them within the range of antimicrobial enzymes and peptides.
Fuchs et al. show that this process involves a new type of cell death pro-
gram. After neutrophils are stimulated, the normal segregation of chromatin
into regions that are actively transcribing genes and those that are inactive
disappears, and the nuclei become deformed. Subsequently, intracellular
membranes, including the nuclear envelope and also granule membranes,
disintegrate; this leads to the mixing and assembly of the NET components,
which are then released from the dying cell asits plasma membrane ruptures.
This sequence of cell death is distinct from other known forms of programmed
cell death and appears to involve reactive oxygen species (superoxide and
peroxide) that are produced by NADPH oxidase. Chronic granulomatous dis-
ease patients are deficient in this enzyme and cannot make NETs, which may
explain in part why they suffer recurrent infections. Thus, even with their Last
breath, neutrophils contribute to the fight against invasive microbes. — SMH

Extracellular
NETs {yellow
fibers) bind
bacteria
(orange).

CHEMISTRY
Through the Looking Glass

Amino acids exist predominantly as L isomers,
although the mirror-image D isomers figure in
several biochemical pathways. Pyridoxal phos-
phate-dependent enzymes racemize amino acids
for this purpose by binding them through a
hydrogen bond-stabilized imine linkage. Park el
al. have prepared a small-molecule receptor that
binds amino acids through a similar motif but
also incorporates a chiral binaphthyl back-
bone. When L amino acids are bound in
the presence of triethylamine base, they
are selectively epimerized by proton
exchange to the D 1somers in order to
relieve steric constraints imposed by the
framework. The authors could efficiently
inverl the configurations of 13 chiral amino
acids, including those with acidic or basic side
chains. Selectivities ranged from 7:1 (for alanine)
to 20:1 (for threonine). Acid hydrolysis liberated
the epimerized product from the framework, after
which the receptor could be recycled. — ]SY

1 Am. Chem. Soc. 129, 10.102 1/ja067 724g (2007).

BIOCHEMISTRY

Three of a Kind

Mitrogen is, of course, an essential element for
life, and the primary mode by which microbes
acquire nitrogen is by ammonia uptake through

J. Celi Biol. 176, 231 (2007).

the trimeric ammonia channel Am(B. Two crystal
structures of bacterial AmtB {and one of archaeal
Amtl) revealed that each monomer features a
passageway for ammonia (NH,) and a pseu-
dosymmetric pair of five transmembrane helix
domains {for more on how this dual topology
ammangement might have evolved, see Rapp el
al., Reports, Science Express, 25 January 2007).
When intracellular nitrogen is limiting, the pri
mary AmtB regulator—
the trimeric protein
GlnK—dissaciates
to allow ammonia
entry; an unregu
lated channel (and
persistent ammao
nia influx} would
be fatal given its
effect on pH home-
oslasis.

Gruswitz et al.
and Conroy et al. have
solved the structure (at
2.0 and 2.5 A, respec
tively) of the bacterial
AmtB-GInK complex,
and Yildiz et al. have
contributed an electron microscopic study of the
archaeal Amt1-GInK1 complex. They find that an
extended region of GInK referred to as the T
loop, which contains an arginine residue at its
lip, insents into the cytoplasmic vestibule of

The AmtB (blue)-GlnK
(red) complex, with
detergent {yellow).

AmiB and physically impedes the passage of
ammonia. All five hydrogens of the guanidinium
cation find partners on the interior surface of the
AmLB pore, which seems fitting because the
channel has, after all, adapted to conduct
ammonia. How is such an intimate association
disrupted? As intracellular nitrogen drops, the
small molecule 2-oxoglutarate accumulates and
binds to GInK (precisely where is not quite clear
yet) along with Mg-ATP; these interactions and
perhaps ATP hydrolysis may be involved in the
extension and retraction of the T loop. — G]C
Proc. Natl, Acad. 5a. U.5.A 104, 42; 1213 (2007);
EMBQ]. 10.1038/5].emboj. 7601452 (2007).

IMMUNOLOGY
Keeping It Brief

The cytokine interleukin-2 (IL-2) is both pro
duced by and exerts strong effects on T cells.
Despite its fundamental importance for T cell
development and immune regulation, IL-2 is
only fleetingly expressed, consistent with a need
to keep the potent effects of this growth factor
under tight control.

Villarino et al. have investigated the manage-
ment of IL-2 expression by helper T (T} cells and
find that several feedback mechanisms exist lo
ensure the brevity of its expression. Selection
cytokines—including some thal use receptors
bearing the common y chain—exhibited the abil-
ity Lo suppress |L-2 expression. Most potent
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CREDIT: CROSS ET AL

among these was IL-2 itsell, and it was at its best
in combination with one or more of the other
cytokines. Negative feedback was also mediated
by the imtracellular STAT family of transcription
factors, which assist with the differentiation of
Tyl and T2 cells, These in vitro observations
were supported by in vivo experiments, in which
treatment of mice with recombinant IL-2 measur-
ably reduced the levels of IL-2 produced after
immunization. It will be of interest to investigate
whether these pathways cooperate in distinct
ways to control early T cell immunity, requlatory T
cells, and the formation of T cell memory. — 5)5
) Exp. Med. 10.1084/em. 20061198 (2007).

MATERIALS SCIENCE
Wiggling into Something Thinner

Manoscale features can be fabricated in polymer
thin films by room-temperature forging or
embossing, in which the material undergoes
inelastic flow from beneath a die to create an
impression. The thinness of the layer remaining
below the die is limited by friction, the shear
strength of the material, and the pressure
created by material building up outside the die,
as well as by the amount of force the die itself
can lolerate before it deforms. Cross el al. show
that applying a small-amplitude shearing
motion (approximately 10 nm} in the plane of

MNanoscale die used to pattern films.

the film activates surface flow. The shear motion
not only allows much thinner layers to be formed
but also decreases the number of defects that
often limit the yield of structures with the neces-
sary critical dimensions for a given application,
Finite element simulations were used to confirm
the underlying mechanism. — PDS

Nano Lett. 7, 10.1021nl0624566 (2007).

CLIMATE SCIENCE
A Splash of Cold Water

During the last degalciation, a large and rapid
injection of glacial meltwater from the Lauren-
tide Ice Sheel to the North Atlantic (called melt-
water pulse 1a, or mwp-1a) raised sea level by
~20 m in only about two centuries. This enor-

EDITORS'CHOICE

mous freshwater addition has variously been
posited as the trigger of the Belling warming
period 14,600 years ago or as the cause of the
Older Dryas cold event that terminated the
Balling 14,000 years ago; uncertainty about the
age of mwp-1a has prevented resolution of these
conflicting claims, Stanford ef of. present a
record of North Atlantic Deep Water (NADW) flow
intensity from Eirik Drift that, combined with
previously published improved dating for
mwp-1a, establishes a relatively minor 200-year
weakening of NADW flow 14,600 years ago,
coincident with mwp-1a. The data also show that
no discernible sea-level rise accompanied the
clear NADW slowdown during the Younger Dryas.
These results demonstrate that NADW formation
and climate are not controlled exclusively by the
magnitude or rate of meltwater addition,
because the largest meltwater pulse resulted in
the relatively minor Older Dryas whereas the
climatologically much more dramatic Younger
Dryas was not associated with discernable rises
in sea level. Thus, the location of meltwater addi-
tions may be important. — H)5

Paleoceanography 21, PA4103 (2006),

GEMNETICS
Not Cheaper by the Dozen

Fitness, defined as an individual's reproductive
success, is measured by the number of offspring,
and parents with more offspring are generally
considered fitter. However, Penn and Smith show
that in married couples in preindustrial societies,
the survival of both the mother and the father
depended on the number of offspring the wife
had and families with fewer children had more
surviving grandchildren. In an analysis of 21,000
records of survival in late 19th-century Utah,
survival rates of the parents and children were
significantly lower in the largest families, that is,
those with 12 or more children, The negative
effect of bearing children on fitness was stronger
in females, lasted after menopause, and was evi-
dent even in women with only 1 to 3 offspring.
However, after the birth of the fourth child, the
risk of death became significantly greater in
fathers, too. In addition, those children with the
largest number of siblings were less likely to sur
vive Lo the age of 18, with the youngest siblings
at greatest risk. The ability of human females to
survive long after the loss of reproductive func-
tion has previously been explained by the posi-
tive effect a mother’s survival has on the success
of her offspring; without a mother, survivorship
of the children is lowered. Nevertheless, this
study demaonstrates that there may be a selective
pressure for females to stop reproducing before
they complete child rearing. — LMZ

Proc. Nall. Acad. Sci. U.5.A 104, 553 (2007).
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After spending years collecting specimens in
exotic locales, a young British naturalist
dreams up an explanation for how one
species transforms into another. The descrip-
tion fits Charles Darwin, but it also matches
Alfred Russel Wallace (1823-1913),

the co-discoverer of natural selection

and one of the 19th century’s
leading biologists. Wallace was
also one of the founders of
biogeography, the study of
organisms’ distribution.

A new online exhibit from the Natural
Histary Museum in London documents
Wallace's work and life with annotated
selections from his writings and other mem-
orabilia, such as a plate (above) of a ring-
tailed lemur from a 1900 collection of his
articles. You can browse some of his travel
dispatches, including the letter in which he
describes the destruction of all his South
American specimens in a shipboard fire.
Other offerings indicate that Wallace didn't
resent being overshadowed by the older
scientist, For example, Wallace wrote a
friend that he was “thankful that it has
not been left to me to give the theory

to the public.” >>
www.nhm.ac.uk/nature-onling/

CREDITS(TOR TO BOTTOME MATURAL HSTORY MUSEUM: NATIOMAL LAND |MAGE INFORMATION (COLOR AERLAL PHOTOL, MIMISTRY OF LAND, INFRASTRUCTURE. AND TRAMSPORT OF JAPAN

collections-at-the-museum/wallace-

collection/themeslist.jsp

Scientists have found cocaine on a sampling
of Dublin bank notes, adding o concern
that Ireland is becoming the cocaine capital
of Europe,
A team led by Brett Paull, an environmental
chemist at Dublin City University, analyzed
45 bills collected from around the city, using
chromatography and mass
spectrometry, and found
coke residues on all of Atomic
them. Three bills also had  EECSTArA.
traces of heroin. Elee
"The chemicals pro
duce a nice, clear signal
down to picoegram con-
centrations,” says Frilz
Sdrgel, a chemist at the
Institute for Biomedical
and Pharmaceutical
Research in Nuremberg,
Germany. This isn't the
first study of its kind:
A 2001 U5, study of
%1 bills, for example, found
cocaine, heroin, methamphetamine, and
phencyclidine, But it is the latest in a recent
burst of reports by European researchers thal
suggests increasing drug abuse on the conti
nent, “Spain is thought to be the number-one
country for cocaine abuse,” says Sargel, “but
Ireland appears to be rising to the top.”
Paull says that in 5% of the samples,
particularly €20 and €50 notes, the concen
tration was about 100 times higher than the

Bulleti
of the %

Tombs Open Up >>

EDITED BY CONSTANCE HOLDEN

rest. “That suggests that those bills were rolled
up and used for snorting,” he says. "The rest
may have been conlaminated during processing
in banks."

Apocalyptic Adjustment

The famous Doomsday Clock of the Bulletin of
the Atomic Scientists (BAS) has begun to
factor another global concern
into its timing: Instead of
reflecting only the threat of
nuclear annihilation, its end-of
the-world calculus now includes
climate change.

“Flooding, destructive storms,
increased drought, and polar ice
melt are causing loss of life and
property,” BAS says of the risks
that sparked the move. That and
nuclear proliferation, including
North Korea's recent bomb test,
have pushed the minute hand from
7 to 5 minutes before midnight.
What do the stalwarts of weapons
control think of this fuzzier doom? | under-
stand their concern about broadening the
appeal,” says lvan Qelrich of the Federation
of American Scientists in Washington, D.C.,
but I hope it does not distract attention”
from the nuclear-weapons threat.

It's the 14th time the clock has shifted since
its 1947 debut; the safest we've been was in
1991, when weapons reductions moved the clock
back to 17 minutes.

Japan's archaeologists are about to get long-sought peeks into the
tombs of the country’s early emperars.

I July 2005, the Japanese Archaeological Association led 15 academic
societies in asking Japan's Imperial Household Agency for permission to
investigate 11 ancient imperial tombs that have gotten only cursory, if
any, inspection by scientists. Included on the list is the tomb of Emperor
Mintoku, who ruled in the 4th or 5th century and is said to rest in one of
the world's largest burial complexes, near present-day Osaka. Last month, the
agency decreed that one representative from each society will be allowed to enter some of the tombs.

Inthe past, critics have accused the Imperial Household Agency, which oversees some 900 bur
ial sites, of blocking detailed investigations on the grounds that scientists might turm up evidence
that the ancestors of today's royal family really came from Korea. Japanese legend traces the line
age back through 125 emperors to the Shinto sun goddess Amaterasu Omikami. Myths aside, there
is academic debate over which older tombs house which imperial bones,

Koji Takahashi, a Toyama University archaeologist on the association’s board, says researchers
won't be allowed to touch anything, so they are likely to concentrate on mapping tomb layouts
and details of interiors. “"Until now, we couldn’t get in at all, so this is a step in the right direc-
tion,” says Takahashi.
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UPWARD GAZE. The new head of the European
Southern Observatory (ESO) hopes to make
the 43-vear-old organization even more of a
plaver on the international astronomical scene.

Dutch astronomer Tim de Zeeuw. now scientific director of
Leiden Observatory in the Netherlands. says his biggest challenge
will be to persuade ESO%s 13 member states to build the 42-meter
European Extremely Large Telescope. The observatory is also a part-
ner with the United States in the Atacama Large Millimeter Array
being built in Chile.

Matt Mountain, director of the Space Telescope Science Institute
in Baltimore, Maryland, says de Zeeuw is a “Tantastic choice™ for
ESO. De Zeeuw. 30. succeeds French astronomer Catherine
Cesarsky, who is leaving to become president of the International

CREDITS(TOR TO BOTTOME ESD: R, BAACSOMIMCSD: (LEFT TORIGHT) KEM KOSTEL: RUTGERS UNIVERSITY

AWARDS

WOLF PRIZES. George Feher has always had
a knack for cracking tough problems. Growing
up in Czechoslovakia in the 1930s, he taught
himself radio electronics. In 1941, he and
eight Jewish friends escaped Nazi persecution
and fled to British-ruled Palestine, After a
stint in British detention, Feher worked out a
way to decode radio transmissions between
the British High
Commissioner and

10 Downing 5t. that
later proved pivotal
in the Israeli war for
independence. Feher
moved to the United
States in 1946 and
eventually wound up
at the University of
California, San Diego,
where he turned his
sleuthing to uncovering the workings of the
reaction center: the molecular machine that
drives photosynthesis.

Last week, Feher's detective work earned
him a share of the 2007 Wolf Prize in
Chemistry. Feher (above) shares the
$100,000 prize with Ada Yonath, a chemist
and structural biologist at the Weizmann
Institute of Science in Rehovot, Israel, who
pioneered ways to use x-rays to map the
three-dimensional structure of the ribosome.
Other Wolf Prizes this year go to Stephen
Smale of the University of California,
Berkeley, and Harry Furstenberyg of the

Got a tip for this page? E-mail people@aaas.org
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Hebrew University of Jerusalem (mathemat-
ics), and Albert Fert of CNRS in Qrsay,
France, and Peter Griinberg of the Jilich
Research Center in Germany (physics).

IN THE COURTS

DEVASTATED. A mathematics professor who
was fired from a Korean university 11 years
ago shot an arrow at a Seoul high court judge
last week after losing his appeal of the dis-
missal. The judge suffered only minor injury,
and the researcher has been charged with
attempted murder.

Myung Ho Kim lost his job at Sungkyunkwan
University in 1996 after telling institutional
authorities about an error in a math problem
on the university’s entrance exam, He claimed
retaliation, but administrators said he was
sacked because he had been rude to students

In Brief >>

CRAFOORD PRIZES. Earth scien-
tist Wallace Broecker has won the
2006 Crafoord Prize from the Royal
Swedish Academy of Sciences.
Broecker (left), a researcher at
Columbia University, receives the
500,000 award for his pioneering
studies of the link between ocean
chemistry and carbon dioxide
levels in the atmosphere. The

Astronomical Union { Science, 8 September 20006, p. 1383).

and contemptuous toward the university
(Science, 5 September 1997, p. 1441).

On 15 ]January, Seoul high court justice
Park Hong Woo upheld the university’s deci-
sion. “Although we recognize Kim as a man of
decent scholarship who has a clean conscience,
we did not find him as a qualified member of
the academic membership,” the judge said.

Kim then whipped out a crossbow and
fired a stone arrow at the judge, wounding
his midriff. “When my appeal was dismissed,
I felt that my life was over,” Kim told
reporters, denying that he had tried to kill
the judge. The Korean Professors Union
issued a statement after the incident decrying
the ruling as biased. Kim, who's been unem-
ployed for the past several years, could now
even face a death sentence if the attempted
murder charge is proved, officials say.

TN -

academy has also announced the winner of the 2007 prize: anthropologist Robert Trivers
(above, right} of Rutgers University in New Brunswick, New Jersey, who receives the honor
for his contributions to the understanding of cooperation and conflict in the animal world.
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CLIMATE CHANGE

o

New Congress May Be Warming
Up to Plans for Capping Emissions

The first winter storm of the season, long over-
due. blew through Washingion, D.C., last
weekend. But proponents of tederal legislation
to limit carbon emissions continued to bask in
the glow of Increasing support tor their canse.

The new Democratic majority in both
houses of Congress has made it more likely
that a bill capping carbon emissions will land
on President George W, Bush’s desk before he
leaves office in January 2009. OF course, the
final form of any legislation will be shaped by
the demands of vanous powerful mdustnes,
and it could well encounter a presidential
veto, But few question the newfound political
momentum behind some type of federal
action, “The tude 15 turming.” says Jonathan
Lash of the nonprofit World Resources Insti-
tute { WRI) in Washington D.C.. which has

joined a new partership between environ-

mentalists and mdustry announced this week.

The president’s State of the Union
address, delivered after Science went to
press, was expected to focus on ethanol as
part of a nonmandatory climate strategy.
But most observers expect Congress to be
more aggressive in tackling greenhouse gas
emissions. Two senators hoping to become
president, Arizona Republican John
McCain and Ilhinois Democrat Barack
Obama, have cosponsored a bill that would

26 JANUARY 2007

slash emissions steeply by 2050, And on
22 January, the newly formed United States
Chimate Action Partnership. a group that
includes 10 major US, companies such as
General Electric and BP Amencan as well
as WRI and the Nawral Resources Defense
Council (NRDC), advocated for a *
tory [and] flexible™ emissions trading sys-
tem that has impressed energy analysis.
*You couldn’t have imagined 2 years ago
a group of such companies getting behind
such targets,”
MNational Commission on Energy Policy in
Washington, D.C.. a similar consensus-
building group that in 2004 recommended
less NRDCs David
Doniger savs the conventional wisdom at the
tme was that the group’s principles went as
“far as the political center of gravity would
oo, In 2005, tor example. then—enerey com-
mittee chair Senator Pete Dominict (R-NM)
urged Congress to “proactively address cli-
mate change.” But the best that the Republican-
led body could do was make a vague,
binding statement calling for “mandatory

‘manda-

says Jason Grumet of the

aggressive goals.

non-

steps™ to cap greenhouse gas emissions,
House Republicans stuck to voluntary
approaches while promoting federal research.

The statement by the new climate part-
nership is easily the most aggressive vet

VOL 315  SCIENCE

Harvard's

mul tlrll.,rln inary

from industry. It
aims to halt growth
of U.5. emissions

within a decade and

Pact men. GE's Jeffrey
Immelt (left) and WRI's
Jonathan Lash helped
arganize an industry-
environmentalist partner-
ship on climate change.

to lower current levels
by 60% to 80% by
2050, The group wanis
to control the cost of emission permits, per-
haps with a price limit, but not in a way that
would undermine the system, and to bar
old-fashioned coal plants from getting free
credits. Coalition members say they want to
avold precemeal state emissions caps, such
as a ough new California system, and more
draconian measures down the road.
Another set of once-odd bedtellows also
lobbied Congress last week. “We dare to
imagine a world in which science and reli-
oion cooperate” to tackle climate change and
other problems, said Reverend Richard
Cizik of the National Association of Evan-
oelicals (NAE), one of several evangelical
Christian leaders who have joined with
Harvard entomologist E. 0. Wilson and
Missouri Botanical Garden botanist Peter
Raven and other researchers for “responsible
care for creation.” NALE has agreed to dis-
tribute a “pastor’s tool Kit™ with mtormation
on the warming atmosphere and other envi-
ronmental problems to counter what Crzik
calls “junk science™ from climate skeptics.
Such coalitions seem likely 1o strengthen
the hand of lawmakers such as Senator
Barbara Boxer (D-CA), head of the Envi-
ronment and Public Works committee, who

wants to pass a carbon cap “as soon as
House Speaker Nancy Pelosi
(D-CA), meanwhile, has created a special
commitiee to explore and publicize climate
change legislation. House energy commit-

possible,”

tee chair and auto industry supporter John
Dingell (D-MI) opposes the new commit-
tee, which won't have legislative authority,
But its creation, says Grumet. demonsirates
that Pelosi 15 not going to defer to the com-
mittee structure™ in moving her agenda.

Yet aggressive action won't be easy. Some
of the 49 Republicans in the 100-seat Senate
will be needed to override a veto by the White
House of any emissions legislation, notes
Senate Energy committee staff director
Robert Simon. McCam and Obama’ bill 1s a
positive step, says another aide, but is unlikely
to win the support of a majority of senators.

=ELI KINTISCH
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SPACE SCIENCE

LUNAR-A Moon Mission Gets an ‘F’

TOKYO—A mission (o explore the moon's
origin and evolution has crashed before
launch. Earher this month, Japan’s space
agency terminated its LUNAR-A probe
because 1ts ambitious technology was snll
not ready to go even afier the launch had
been delayed for 12 years,

The cancellation of the ill-starred mis-
s1on has sent tremors through the global
space science community. “The feeling is
one of uniform regret that this mission 1s not
flying,” says Clive Neal, a geologist at the
University of Notre Dame in South Bend,
Indiana. Despite the setback, Japan's space
sclentists say they remain commutted to pur-
suing technically challenging ventures.

Planned by the Institute of Space and
Astronautical Science (ISAS) in Sagami-
hara. near Tokvo, LUNAR-A called for an
orbiting spacecraft to drop two torpedo-
shaped probes onto the moon’s surface
on the near side and one on the far side.
These “penetrators”™ would lodge 2 meters
below the surface, activating selsmometers

e

o detect Faint moonguakes and other sensors
to measure heat flow, then relay the data to
Earth. Scientists had hoped to deduce details
of the largely unknown lunar interior, such
as whether the moon has an iron core. A bet-
ter preture of lunar anatomy would constram
models of how the moon formed.

Mission planning began with high hopes
in the early 19905, While 1SAS planetary

scientists sketched out key unresolved ques-
tions about the moons intenior, colleagues
on the engineering side huddled over how o
ot inside the moon. They opted to design a
probe to drop from orbit and embed mstru-
ments Firmly, and intact, in the lunar soil

something that has never been tried before.

Sidelined. The LUNAR-A orbiter has been ready for years, but problems
with the payload led to its cancellation.

They thought this would be more practical
than developing a rover to traverse the
moon’s expanses, says Manabu Kato, an
[SAS planetary scientist. And burying the
mstruments would shield them from the

Worse than
zebra musst

extreme day-night temperature fluctuations
that fried mstruments left on the surface by
PrEVIOUS MISsI0n s,

By 1995—the planned launch date—the
orbiter was ready to go. The penetrators were
not. They're stll not, even afier 12 additional
vears of development and escalating costs: the
original price tag for the satel-
hite alone was 5106 mullion,
and $132 million has been
spent so far.

What went wrong? Kato
says the team vastly under-

girding mmstruments and
electronics to survive an

gravity. " Modeling had indi-
cated that just some harden-
ing of components would be
sufficient,” Kato says. But
testing proved otherwise.
The First snag was finding a
proper test site. Only after the
tirst launch date passed did
engineers realize that [SAS
lacked suitable equipment and
facilities. In 1997, with the project already
2 vears behind schedule, they finally found an
adequate testing ground: Sandia National
Laboratories in Albuquerque, New Mexico,
There, a device akin to a giant upside-down »

estimated the challenges of

impact imparting a force of
up to 10,000 ttmes that of

India Inches Closer to Crewed Space Flight

THIRUVANANTHAPURAM, KERALA—India took another small step this
week toward a place at the top table of space-faring nations. The Indian
Space Research Organization (ISR0O) launched a crewless spacecraft into
orbit on 10 January, and on 22 January, controllers guided it back to Earth
for a splashdown in the Bay of Bengal, 140 kilometers from its launch site.
The feat of launching and reftrieving a probe has to date only been
achieved by Russia, the United Stales, and China, and is an essential step
toward sending astronauts into orbit. “Both the launch and splashdown of
the space capsule were completed with textbook precision,” says
ISRO spokesperson 5. Krishnamurthy.

The Space Capsule Recovery Experiment is part of an effort to eventually
launch Indian nationals into space. Toward that goal, the 5000 researchers
here at the Vikram Sarabhai Space Center hope to launch another exper-
imental capsule soon. In 2008, the plan calls for the launch of a remote-

www.sciencemag.org
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sensing mission Lo the moon called Chandrayaan-1. The first Indian in
orbit is planned for 2014, with astronauts on the moon by 2020. ISRO is
seeking 5250 million in start-up funds to loft the first astronaut.

One of the key technologies on test during the recovery experiment
was thermal protection to shield potential astronauts from the intense
heat caused by friction during reentry. A team of 40 researchers here pro
duced the lightweight heat-resistant materials made from pure silica that
coated the outside of the 550-kilogram capsule. “The thermal protection
system was one of the important experiments being carried out in the
space recovery module. This is a precursor for all forthcoming reusable
launch vehicles—and in the long run, to the manned mission too, " says
space center director B. N. Suresh.

The mission also carried two materials science experiments in which
crystals were grown under near-zero-gravity conditions. Researchers are
now studying the capsule to see whether all the experiments wenl
according to plan. ~PALLAVA BAGLA
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cannon uses explosives to fire test penetrators
into the sandy earth. But due to schedule con-
straints. ISAS could use the Sandia facilities
only once every 10 months, resulting in an
excruciatingly slow process of trial and error.
At last, after the instruments were hardened
sufficiently, ISAS engineers determined that
the electrical wiring was too frail, Once that
wits fixed, they found that they had 1o develop
a circuit to reset the CPU after impact. The
launch date slipped again and again.

During the most recent round of testing,
in June 2006, the scienufic nstruments, cir-
cuits, and software all passed muster, Kato
says. But further work is necessary to make
the communications systems more robust,
he says. Another round of testing 15 sched-
uled for this summer.

That’s too late to save LUNAR-A, After a
series of internal reviews, [SAS's parent
organization, the Japan Aerospace Explo-
ration Agency (JAXA), on 13 January

RESEARCH MANAGEMENT

scrapped the mission. A JAXA spokesperson
savs the decision was based on the orbiter’s
detenioration in storage and the faet that the
penetrators are not ready Ffor prime time.

Mot all hope is lost. Takashi Nakajima, cur-
rent LUNAR-A manager. says that the pene-
trator project is not being abandoned. ISAS
will complete development work and then try
to get the penetrators loaded on another moon
mission, “Researchers will still request this
kind of investigation,” says Hitoshi Mizutani,
a space scientist who headed the mission until
his retirement 2 vears ago,

Planctary scientists outside Japan agree.
“The community would very much like to
see a geophysical network on the moon o
study internal structure and heat flow. but
two penetrators do not make a network,”
says Andrew Cheng, a planetary scientist at
Johns Hopkins University in Baltimore,
Marvland, Kato says ISAS had hoped
LUNAR-A would gather enough data to

determine whether the moon has an iron
core. proving that the penetrators work. Sub-
sequent missions could have then expanded
their use on the moon and, perhaps, Mars.

But he vows that ISAS will remain at the
forefront of space engineering and space
science. “If you don't develop new technolo-
gies, you won't make new scientific discov-
eries.” Kato says.

ISAS’S next marriage of engineering and
science 15 1t 3300 million Selenological and
Engineering Explorer (SELENE). Set for
launch in late March. SELENE comprises an
orbiter and a pair of smaller satellites that will
aim mstruments at the moeon to collect the most
detailed data vet on its topography, the elemen-
tal makeup of its surface, its magnetism, and its
gravitational field. “We're confident.” says
Kato, *We've tested it. and we're ready to go.”
I 50, that would take some of the sting out of
the humbling demise of LUNAR-A,

-DENNIS NORMILE

Report Backs NSF Prize to Spur Innovation

The National Science Foundation iNSF)
should test the waters before plunging into a
costly program to award prizes to encourage
mnovation. That's the verdict ofan expert panel
of the Mational Academies” National Research
Council., which has cautiously endorsed an
idea Congress had ordered NSF 1w consider.
Iromcally, legiskators may have lost interest.

In 2005. Representative Frank Wolf
{R—WA), then chair of the spending panel
that sets NSF's budget. asked the agency to

Prizewinner? The self

think about offering megaprizes for solu-
tions to important scientific challenges
with societal implications. At one hearing,
for example, Wolf speculated about how a
51 billion prize could vield an elegant tech-
nological solution to the nation’s depend-
ence on foreign oil. Last summer, NSF offi-
cials turned for gurdance to the National
Academies, which this week 1ssued a
d4-page report urging NSF to adopt “an
experimental approach™ by piloting a hand-
ful of small prizes before con-
sidering spending big bucks.

Such prizes are useful,
says panelist and former
NSF Director Erich Bloch,
“because they bring in new
people who don’t normally
participate in government
programs and because it
allows vou to tackle contro-
versial ideas. But I wouldn't
spend 51 ballion on ™

Panel chair Mark Myers. a
retired research executive at
Xerox, believes that NSF
“needs to develop a methodol-
ogy™ on how to run such a pro-
gram and then evaluate each
step of the way. The panel did
not recommend any topics for
MNSF to tackle, although for
illustrative purposes it men-

tioned areas such as nano self-assembly,
green chenustry, low-carbon energy tech-
nologies. and teaching software, The report
suggests that NSF should start with a handful
of prizes ranging from $200,000 1o $2 mil-
lion and raise the payvout to as much as
530 million if the concept proves successiul,
Muwers says Congress should increase NSFs
budget to make room for the program so that
its cost doesn 't undermine ongoing activities.

The report recommends starting the
prizes this year, but with NSF facing a
budget freeze (Science, 5 January, p. 24),
that’s not likely to happen. “It’s a solid
report, and piloting 15 always the right way
to go,” says senlor NSF administrator
Nathaniel Pitts, who has tracked the issue.
“But it's an expensive proposition, and
I don't see how we could afford it this year.”

An even bigger obstacle, however, may be
the recent changes on Capitol Hill, Wolf 15 no
longer on the spending subpanel, and House
Republicans are in the minonity. A Democratic
aide on the House Committee on Science and
Technology, which oversees NSF, savs that
prizes probably make more sense at a mission-
orented agency such as NASA or the Defense
Department. And the aide questions the idea
that a prize will attract new players into the
rescarch game: 1 have a hard time believing
that there are many people doing basic
research who aren’t already familiar with NSF
and its programs.” ~]EFFREY MERVIS
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RESEARCH FUNDING

UC Balks at Campus-Wide Ban on
Tobacco Money for Research

Concerned about academic freedom, the
University of California (UC) has delayved
voting on a plan to impose a blanket ban on
research funding from tobacco companies.
It approved, the ban would make UC the
only LLS, umiversity to forbid tobacco dol-
lars campus-wide. Faculty members
anguished over the issue tor 4 vears before
calling on UC’s governing body—the

regents—io take a stand. Instead, the regents

Faculty fission. Stanton Glantz {/gft) would like to see a blanket ban
on tobacco funding at UC, but James Enstrom (right) says such a ban
would violale academic freedom.

punted it back to the faculty last week.

*It's a very good decision.” says James
Enstrom, an epidemiologist at UC Los Angeles
who uses Philip Morris money. “Academic
freedom makes this a great university, and the
faculty need time to consider this issue more
thoroughly.” But Stanton Glantz, a bio-
engineer and antitobacco crusader at UC San
Francisco, turns the argument around: “The
tobacco industry funds research o confuse

the public.” he says. “This manipulation of

the scientific process subverts academic
freedom and 15 antithetical to the fundamental
mission of the university.”

Momentum for a UC-wide ban on
wbacco funding has been building. Since
2003, seven units within the umversity sys-

tem, including UC Berkelev's School of

Public Health and the UC San Diego Cancer
Center, have shut their doors to tobacco
money. But UC% faculty-composed Acade-
mic Senate voided these bans in May 2005,
declaring that only the regents had the
authority to decling funding—and that they
had to do it for the entire system or not at all,

Currently, UC researchers can take
money from any source, as long as terms of

www.sciencemag.org SCIENCE VOL 315

the grant do not vielate university policy
(for example, by excluding foreigners), As
of last year, there were 19 active grants at
UC supported by the tobacco industry, total-
ing 513.8 million. (UC’s total grants and
contracts added up o 54 billion that vear.)
Before the regents would consider a
wbacco-funding ban, however, they asked the
senate for input. That's when things got com-
plicated. “The tobacco issue put our princi-
ples in conflict.” says senate
member and UC Santa Cruz
social psychologist Fave
Crosby. “Most of us agreed
that academic freedom trumps
all other principles.” But then
the senators reviewed docu-
mented evidence that the
twobacco industry had manipu-
lated researchers into publish-
ing hiased resulis—by tweak-
ing manuscripts or threatening
to cut off funding, Glantz
charges. “We realized aca-
demic freedom can be illu-
sory,” says Crosby, For many,
allowing the university to
accept tobacco money was
allowing a threat to academic freedom.
Enstrom disagrees. “1 do not feel that any
tobacco funding arrangements ['ve had have
mampulated my academic freedom,” he says,
In 2003, Enstrom published a study in the
British Medical Jowrnal that found no relation
between secondhand smoke and lung cancer
deaths. The project was partially funded by the
Center for Indoor Aar Research, which itselfis
funded by tobacco companies. Enstrom says
the study was methodologically sound and
that it added an important minority opinion to
the smoking debate, “Thankfully, UC doesn’t
allow only certain points of view to be
funded.” he says. “My entire career has been
based on the academic freedom 1™ve had”
The senate’s recommendation to the
regents reflected the divisiveness of the
issue. On one hand. the faculty asserted that
“grave 1ssues of academic freedom would
be raised™ if the regents banned funding
based solely onits source. On the other, they
declared that academic freedom could be
suppressed, and that the tobacco industry
had a history of such suppression,
The seemingly contradictory wording
proved oo much for the regents, At anm

(\ O)x

Kansas Standards Evolve Again

Eighteen months after its state education
board adopted science standards promuoting
the teaching of intelligent design (1D}, Kansas
is sel to toss them out. Next month, a newly
aligned board expects to adopt standards that
emphasize evolution.

The change follows elections that flipped
the board's 6-4 conservative majority to a
&—4 margin for moderates (Science,

11 August 2006, p. 743). As a result, the
board replaced the former chair, |D proponent
Steve Abrams, with Bill Wagnon, who has
fought against the ID-tainted standards since
their adoption in August 2005,

The pending standards have been written
by a commillee appointed by the board that
delivered a product deemed unacceptable by
conservatives, “We'll be glad to bring back
standards that do not contain supernatural
explanations and are in line with national and
international norms,” says Sue Gamble, a
moderate board member. “These standards
will help teachers to strengthen the teaching
of evolutionary content.”

=YUDHIJIT EHATTACHAR]EE

No Roving for Moon Rovers

Budget troubles at NASA will likely nix plans
lo send a series of sophisticated robolic rovers
to the moon after the agency sends an orbiter
there next year. NASA officials blame a tight
exploration budget and the rising cost of the
rovers, which were meant to find possible
human landing sites and gather scientific
data. Industry and agency sources say that up
to half of the roughly $800 million set aside
over the next 3 years for rover development at
Marshall Space Flight Center in Huntsville,
Alabama, could go to Goddard Space Flight
Center in Greenbelt, Maryland, and Ames
Research Center in Mountain View, California,
to design smaller and cheaper spacecraft that
could do similar jobs.

The decision to cancel the original set of
rovers comes just a few months after NASA
chief Michael Griffin moved the program from
Ames to Marshall. That decision, sources say,
was made to please Congress's Republican-
dominated Alabama delegation, but the recent
election, which put Democrals in the driver’s
seat, took pressure off the agency. The remain-
der of the would-be rover funding would cover
budget shortfalls in NASA's effort to develop a
launcher to replace the space shuttle, slated
for retirement in 2010, The proposed cuts are
part of the agency's 2009 budget request to
be announced on 5 February.

-ANDREW LAWLER
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18 January meeting at UC San Francisco,
the governing body appeared as divided as
the senate. “[ believe a yes vote [on this
ban] would establish a very dangerous

precedent which threatens our culture of

academic freedom,” said Regent Jefferson
Coombs at the meeting. It would convey a
signal that we do not trust our world-class
faculty.” Regent Richard Blum countered

AVIAN INFLUENZA

that “none of us take academic freedom
lightly. ... but [accepting tobacco money]
hurts academic freedom. not helps it”

In the end the regents voted overwhelm-
ingly to send the issue back to the faculty. An
amendment charges the senate to clanfy
whether a blanket tobacco funding ban truly
threatens academic freedom before the
regents meet again in May.

Michael Cummings, an authority on
smoking issues who runs the Tobacco Con-
trol Program at the Roswell Park Cancer
Institute in Buftalo, New York, says he’s dis-
appointed with the delay. *1t's good to

debate acadenuc freedom.” he says, but *1f

vou can’t choose on this, you can't choose
on anything,”
-DAVID GRIMM

With Change in the Seasons, Bird Flu Returns

An upsurge in H3N1 bird flu
outbreaks in poultry across Asia
i5 driving home the message that
even countries that have elimi-
nated the virus once shouldn™
become complacent. The contin-
uing high death toll in humans,
including two recently detected
cases of infection with a Tamuflu-
resistant strain in Egypt, is also a
grim reminder of how devastat-
ing the virus might be if it
acquires the ability to spread
easily among humans,

Owverthe past 3 weeks, Thailand
and Vietnam reported their first
H5N 1 outbreaks among poultry in
6 months. Japan, which seemed to
have dodged the bullet since its cluster of out-
breaks in 2004, confirmed that the virus hit one
farm on 11 January and probably a second
farm on the 23rd. South Korea. which last
Movember suffered its first outbreak since con-
taining the virusin 2004, reported that the virus
had turned up on a fifth poultry farm. Several
wild birds found dead in Hong Kong tested
positive for H5N 1. And Indonesia on
20 January reported its Fifth human death
from the virus injust 10 days, bringing its death
toll to 62, by far the most of any country.

The increase in outbreaks in the Northern
Hemisphere follows what has become an
established patiern. The reason for the sea-
sonality is still not well understood, says Les
Sims, a veterinarian based in Manunda, Aus-
tralia, who advises the UN.s Food and Agn-
culture Organization (FAD). It is likely to be
some complex interaction among several fac-
tors, including cooler temperatures enabling
the virus to survive longer in the environment,
greater poultry trade in preparation for winter
festivals, and movements of wild birds,

The recurrence of the virus 1in South
kKorea and Japan is particularly notable. In
both the winter of 2003-"04 and this year,
outbreaks in South Korea were followed 4 w

High alert. Since H5N1 virus was detected in Japan this month, officials have
been checking blood samples from poultry at neighbering farms.

6 weeks later by outbreaks in Japan. “The
outbreaks in Japan and South Korea suggest
to me free-flying birds as the most likely ori-
2in.” says Sims. Both countries are trying to
determine how the virus was reintroduced.
“The reasons for these failures need to be
examined and the lessons applied elsewhere.”

says Sims. But overall, he says the speed of

the response, particularly in Thailand and
Vietnam, “i1s a positive sign and shows that
the surveillance systems are working.”

In Indonesia. tour of the five recent human
deaths occurred in the Jakarta area, In
response, the city zovernment on 17 January
ordered residents who keep backyard pouliry
to eat. sell, or cull their birds by the end of the
month or have them confiscated and destroved.
The government 1s talking of gradually replac-
ing the live markets that currently account for
80%% of poultry sales in the city with slaughter-
houses. It would be a sea change culrally.”
says John Weaver, senior adviser to FAO in
Jakarta. [F done properly, he says, eliminating
backyard poultry could reduce the opporunity
tor the virus to survive m the emvironment. But
he cautions against a sudden prohibition,
which could lead smallholders to hide their
fow] and refuse w cooperate with animal dis-

ease control efforts,

Early this week, meanwhile,
experts were poring over the puz-
zling and potentially worrisome
details of a recent cluster of
human H3N1 cases in Egypt. Late
December, a 16-year-old girl and
her 27-year-old uncle, living in the
same house in Gharbiya provinee,
both died of H3NI infection,
Sequence information made public
on GenBank on 23 January by the
LLS. Maval Medical Research Unit 3
INAMRU-3) in Cairo shows that
both were infected with a virus
strain that is modemtely resistant to
the antviral drug Tamiflu,

Tamiflu resistance has been
reported ina few other human H3N1 cases
after patients were given the drug. However,
the Egyptian samples showing resistance were
taken just 2 days after Tamuflu reatment began,
an unusually short period in which o develop
resistance. says NAMRU-3 commanding ofti-
cer Bruce Bovnton, What's more, the virus in
both patients had a rare resistance-conferring
mutation. called N2945, seen only in one pre-
vious H3NT patient in Vietnam,

That's why Boynton says the evidence
suggests “a more disturbing™ theory: that
both were infected by a sick bird that
already harbored the mutated virus, If more
such birds exist. doctors may see more
H3M1 patients who don’t respond well to
Tamiflu. And if such a resistant strain were
to spawn a pandemic. the world’s vast Tamuflu
stockpiles might be less helpful.

Tests are currently under way to deter-
mine whether the patients had the resistant
strain before they took the drug and whether
virus from a third suspected HSN 1 patient in
the houschold, who also died. has the same
mutation. Boynton says. Veterinary virolo-
zists are also checking to sece whether the
mutated virus can be found in birds in Egypt.

=DENNIS NORMILE AND MARTIN ENSERINK
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Harvard Proposes One for the Team

Talk about greater collaboration across aca-
demic departments 15 cheap. But making it
happen can be very expensive. Last week,
Harvard University made a $50 million
down payment on the concept. including
seed money for a first-ever, university-wide
departiment in developmental and regenera-
tive biology, The move 15 part of a major
expansion of the university’s science and
engineering programs, including a planned
8500 million campus across the Charles
River that was unveiled earlier this month.
“There's a lot of life left in the disciplinary
sciences, butat the same time, there is a trend
toward concentration of resources and larger-
scale collaborative science.” says Harvard
Provost Steven Hyman, who last week
announced the creation of a Harvard Univer-
sity Science and Engineering Commitiee
(HUSEC). The committee. which will report
to Harvard's president and its governing
board, will use the $30 million to plan the new
department—which will include stem cell
research
which could lead to similar new departments.
Harvard professors have tradiionally con-
ducted their research and training within the
confines of a particular school, be it the Fac-
ulty of Ans and Sciences (FAS), the medical

All together. Steven Hyman will lead a Harvard
panel fostering interdisciplinary science.
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and seed other itiatives, some of

school and affiliated hospitals, or the schools
of public health and of engineering and
applied sciences. Although some universities
erased those lines decades ago, working
across departmental boundaries at Harvard is
“not unlike [working] with two entirely sepa-
rate institutions,” says Douglas Melion,
co-director of the Harvard Stem Cell Institute.

Hyman will chair the university-wide
committee, which he hopes will keep the
366-vear-old institution among the leaders
in all fields of science and engineering
through the 21st century. And Hyman,
rumored to be on the short list of Harvard
presidental candidates, assumes that many
of the comminee’s recommendations will
cost money. “We expect [the committee] o
propose a budget, and we know that a lot
more will be needed,” he says. “But this
shows the faculty that we are serious.”

The new deparument will eventually have
25 to 30 faculty members, says Hyman
about half migrating from existing pro-
grams and the rest new appointments—and
report to both FAS and medical school
deans. It will serve as a focal point for the
work of nearly 700 people, a cluster that
Melton calls “one of the highest concentra-
tions in the world of stem cell scientists.”
Stem cell institute co-director David
Scadden says the new departiment will be a
“¢ritical complement™ to the activities of the
institute. which will occupy space in the
department’s new building on the Allston
campus, scheduled for completion in 2010,
All the members of the new department will
be part of the institute, which now has
45 principal faculty members.

Nancy Andrews, dean of basic sciences at
the medical school and a co-author of a report
last summer that recommended the formaton
of HUSEC, calls the department “the obvious
first choice™ for interdisciplinary research
because of the field’s rapid growth.

Hymuan expects the new commnutiee to have
a detailed plan in place for the new depari-
ment by | April. “They are keen to begin
recruting.” he notes. And he compares what
Harvard is doing to the road map ereated a few
years ago by National Institutes of Health
Director Elias Zerhouni for more inter-
disciplinary programs across the agency’s
27 institutes and centers. “That was his
response to the changing world of science.”
savs Hyman, “And this is our response.”

=]EFFREY MERVIS
With reporting by Constance Holden.

(\ O)x

New Cell Rules

The Wisconsin Alumni Research Foundation
(WARF) has scaled back tough licensing rules
restricting academic research on its broadly
patented human stem cell lines. Previously, a
company needed a license even for universily-
based research using the WARF lines. That
restriction has been lifted, although a com
pany must still have a license to do its own
work or develop products. The foundation also
clarified its fees and how academics can trans
fer cell lines.

Jon Soderstrom, managing director of Yale's
Office of Cooperative Research, says the old
rules were confusing, restrictive, and inconsis-
tent. The change is "coming at a very crucial
time for us,” he says, as the school is now set
ting up a new stem cell program. The Santa
Monica, California—based Foundation for Tax-
payer and Consumer Rights (FTCR) says the
maove alleviates its concerns about restrictive
policies that would hinder work at the new
California Institute for Regenerative Medicine,
However, FTCR still believes WARF's patents are
invalid, and the U.5. Palent and Trademark
Office is currently reviewing an administrative
reguest filed by the group to review the patents.

=ELI KINTISCH

Big Bucks for ALS

The latest sign of the increasing focus of dis
ease advocacy groups on research is a $36 mil
lion pledge by two nonprofit groups Lo identify
new molecular targets against amyotrophic lat-
eral sclerosis (ALS). The venture comes as one
of the groups abandons efforts Lo tackle ALS via
published drug targets. After testing 150 exist-
ing drugs in 22,000 mice, “we've pretty much
exhausted all the logical targets for ALS, " says
Sean Scott, president of the ALS Therapy
Development Institute CALS-TDL) in Cam-
bridge, Massachusetts.

ALS-TDI is partnering with the wealthier
Muscular Dystrophy Association (MDA) in Tucson,
Arizona. Scolt’s research staff of 24 will add
10 scientists probing gene and protein expres
sion across healthy and diseased mice and
human tissue collected through MDA's network
of medical clinics. The goal is o identily genes
that behave differently in ALS in hopes of find-
ing out how those differences affect the disease,

Jeffrey Rothstein, who is supporting work
on new ALS mouse models at the Robert
Packard Center for ALS Research through Johns
Hopkins University in Baltimore, Maryland, has
high hopes for the new partnership. Bul he
worries thal existing mouse models may not be
reliable enough to serve as a guide,

~JENNIFER COUZIN
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A decline in the number of chimpanzees available for biomedical
research in the U.S. has sparked a growing debate on the opportunities
and costs of studies with our closest relatives

FIFTEEN YEARS AGO, THE UNITED STATES
was one of a half-dozen countries that had
ntive chimpanzees available to biomedical
researchers. Today, it stands alone. Every
country except perhaps Gabon has aban-
doned this type of experimentation for a
bramble of ethical. financial, scienufic, and
political reasons. Now the U.S. National
[nstitutes of Health (NIH)
porter of chimpanzees maintained for bio-
medical research—finds itself facing an
incendiary debate over whether it should
phase out such studies or breed more ani-
mals for future generations of investigators.

The issue has become especially acute
over the past few months, in the face of a
new projection about the fate of the captive
chimps set aside for biomedical research.
For the past decade, NIH has imposed a
moratorium on breeding any tederally sup-
ported chimps, which are housed at six pri-
mate centers across the couniry. It enforces
the ban by refusing to support any newborns,

ca

the main Al

26 JANUARY 2007 WVOL 315

In 2000, the U.5. Congress also mandated
that older “surplus™ chimps no longer
needed for research be moved from primate
centers to retirement sanctuaries. As a result,
the population has dropped from 1500 1n
1996 o 1133 in October 2006, Now, many
researchers who conduct biomedical
research on chimpanzees are worried that
the number of breeding animals 15 dechning
so rapidly that there will soon not be enough
left to sustain the population. “The popula-
tion is heading for a cliff” says Todd Preuss,
a neuroscientist at Yerkes National Primate
Research Center in Atlanta, Georgia, which
has the country s oldest colony of research
chimpanzees. "If we don’t start breeding
these chimpanzees soon, they're going to go
away, and theyre going to be gone for good.™

The push to breed more chimpanzees is
forcing a reexamination of questions that
have long surrounded research with our
closest relatives, an endangered species that
is rapidly disappearing in the wild, Where is

3t
Almost human. The U.S,
has more than 1000
chimpanzees like this one
at Yerkes that, owing to
their similarities tous,
are set aside for
biomedical research.

the line that separates ethical from unethical
research? What type of housing do chimps
require” Where will the money come from
to support the care of amimals that routinely
live 30 vears in capuvity and can live twice
as long? Has NIH properly managed what it
calls the “chimpanzee resource™? And why
do scientists need chimpanzees for bio-
medical research anyway”

On one end, the Humane Society of the
United States and the New England Anti-
Vivisection Society have launched cam-
paigns to stop all “invasive™ experiments
with chimpanzees that might harm them and
to have all the animals moved to sanctuaries.
Some primate researchers, oo, have mis-
givings about conducting the types of vac-
cine, drug, and pathogenesis studies that are
done in the United States on chimpanzees.
“If you talk to a lot of primate rescarchers,
they're not comfortable with 1" says virolo-
gist Jonathan Allan. who conducts AIDS
research with monkeys at the Southwest
National Primate Research Center in San
Antono, Texas, one of the facilities that does
biomedical chimp experiments. “You
shondddn 't be comfortable with it You should
have to search your soul as to the balance

S5CIENCE www.sciencemag.org
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between the research and the good that comes
from it and the bad part, which 1s what hap-
pens to the animals. It's a difficult place 1o be.
It you're comfortable with it and you don™t
have any problem with it, ther ¥ a problem.”

Then again, a growing number of

rescarchers, such as Preuss at Yerkes., conduct
so-called noninvasive biomedical studies in
these chimpanzees that they say cause them
no physical harm. Behavioral researchers:

who are allowed to work at some zoos and
sanctuaries—also study this population,
“There's somuch we can do without a destruc-
tive approach o captive chimps,” says Pascal

Gagneux, a primatologist at the University of

California, San Diego (UCSD), who conducts
reproductive biology research with chim-
panzee sperm samples. Gagneux, Preuss, and
others contend that with new body-imaging
technologies and the recent sequencing of the
chimpanzee genome. the opportunities are
greater than ever to use noninvasive tech-
niques o leam about everything from human
disease and aging to behavior and evolution.
Still other researchers caution against
making a blanket proclamation that invasive
expenments with chimpanzees are unethical.
“To draw a hypothetical line in the air [ dont
think does justice to the subtlety of these ques-
tions,” says Norman Letvin, an immunologist
at the Beth Israel Deaconess Medical Center
in Boston, who has done AIDS vaccine exper-
iments in chimpanzees and monkeys. “These
kinds of discussions need to be focused on
very specific questions about a particular
study.” Letvin no longer experiments on
chimps and sayvs he can’t see any compelling
reason today w use large numbers of them for
biomedical research. But he stresses, as do
many other investigators, that this animal
model has led to “enormously
valuable™ medical advances in the
past and may well in the future,

Unfashionable model

Scientists have conducted bio-
medical research on chim-
panZecs for more than a century.
As many proponents of this ani-
mal model note, such research
played a crucial role in the
development of the vaccine for
hepatitis B, a sometimes lethal
virus that has infected 2 billion
people. But scientists around the
world have also performed stud-
; ; 200
ies that are now considered

bizarre or brutal. The U.S, Aar o
Force'’s chimponaut program
shot them into space. Other
researchers harvested their

1997 2002 2007 2012 2017

organs for human transplants, implanted
electrodes into their brains to study sleep.
and used them to gauge the effects of alco-
hol and marjjuana. And a Soviet scientist
attempted to inseminate them with human
sperm to make a “humanzee.”

MIH formally entered the chimpanzee
rescarch business in 1960, when Congress
established a network of regional primate cen-

ters for basic and clinical research, Some of

these great apes were bred in captivity, but
many more were taken from Africa until 1973,
when the United States signed the Convention
on International Trade in Endangered Species
of Wild Fauna and Flora, which barred the
importation of wild chimpanzees. In 1986,
faced with increasing demands for chim-
panzees from researchers studying the emerg-
ing AIDS epidemic. NIH started a breeding
program. Numbers quickly grew, with the ini-
tial 315 male and female breeders producing
nearly 400 offspring by 1997,

But the chimpanzee AIDS model had
problems from the get-go. Researchers had 1o
pay a steep user’s fee, at least 330,000 per ani-
mal. and experiments often used so few ani-
mals that only the most pristine results would
reach statistical significance. It also soon
became clear that HIV typically doesn't cause
disease in chimps, undermining the models
reliability. Once scientists discovered in 1987
that 51V, a simian cousin of HIV, caused an
AlIDS-like disease in rhesus macaques, that
became the model of choice.

[n 1993, with few chimps being used 1o est
AIDS vaccines. NIH™s Natnonal Center for
Research Resources (NCRR) established a
moratorium on breeding the chimpanzees it
supported “until further notice.”
Although researchers continued to

Number of Chimpanzees Available
for Breeding or Research in the U.5.*

2022 2027
* Projection assumes no further breeding.

2032 2037
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use chimpanzees o study vaccines for hepati-
tis C and respiratory svneytial virus, as well as
treatments for other diseases, NCRR reasoned
that the demand could be met with existing
animals. In 1997, the National Research
Council (MRC) essentially concurred, 1ssuing
a report, Chimpanzees in Researcl, that rec-
ommended extending the breeding morato-
rium untl 2001, NRCS panel of experts cited
“compelling” reasons for maintaining a popu-
lation of about 1000 chimpanzees for
research. But it concluded that the existing
population was “maore than adequate 10 meet
research needs for at least five vears” It also
expressly recommended that no facilities
euthanize chimpanzees for populaton control,
NCRR imposed the breeding and euthana-
sia bans and as the NRC panel recommended,
set up a Chimpanzee Management Program
{ ChiMP) to monitor the status of the popula-
tion and promote the appropriate use of these
animals in research. NCRR simultaneously
established a working group of outside experts
to advise ChiMP. The working group has rec-
ommended extending the breeding morato-
rium three times, mosi recently in May 2003,
There was “a huge number of chimps that
weren't being used™ for research, says veteri-
narian William Morton, a member of the
ChiMP working group who runs a primate
consulting company, Paris NHP in Edmonds,
Washington. “They were just sitting there.”

With the publication of the first draft of
the chimpanzee genome in September 2005,
calls mounted for NCRR o lift the morato-
rium. In a commentary in that same issue of
Naiwre, the heads of the ULS. primate centers
again extolled the benefis of maintaining this
“unique resource” and
warned that if the
moratorium were not
lifted, the population
would sharply decline
within 5 years.

Since then, one of
the co-authors, John
VandeBerg, director
of Southwest National
Primate Research
Center. has performed

a more detailed analy-
sis of the age and health status of
the chimps housed at all six facil-
ities. At a chimp meeting at
Yerkes in October 2006, Vande-
Berg said that of the 1133 ani-
mals then available, just 200
females were potential breeders,
If the breeding moratorium were
not hifted, he added, there will be no
rescarchchimps left by 2037, when
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all of these chimpanzees will have died (see
graph, p. 451).

VandeBerg concedes that his model is
“simplistic”—for instance, it doesn’t take into
account the fact that some facilities, at their
own expense. have bred a few chimpanzees
despite the moratorium, Even so, his bleak
projections startled many at the meeting,
including Ajit Varki. a glycobiologistat UCSD
who helped lead the drive to sequence the
chimpanzee genome. “What's happening now
15 really a disaster.” savs Varki, Others noted
that the aging of the population is already lim-
iting brain and behavioral research that
depends on yvounger amimals.

Yerkes head Stuant Zola, who 1sa member
ofthe ChiMP working group and the broader
MCRR advisory council. emphasizes that
many of these “potential breeders™ may not
become pregnant or may not take care of off-

Like-minded? Using MRI, Emory University's James Rilling does comparative
analyses of chimp (left) and human brains to study aging and evolution.

spring if they do. “It’s almost too late unless
there’s substantial breeding mmitiated
quickly.” says Zola.

Although Zola is not one of them, several
researchers fault MCRR for the way it has

managed the chimpanzee resource. “Most of

what they do is fund mass spectrometers and
clinical research centers.” says Varki, who
would like the breeding moratonum hifted, “1
think the chimpanzees are a thorn in their
side.” Even Morton, who supports the morato-
rium. criticizes NCRR for its failure to hold
regular meetings of the working group he sits
on, or to follow its advice and develop a finan-
cial and management plan for the population.
“Somebody needs w grasp this thing and show
some leadership at NCRR.” savs Morton, who
previously ran the NCRR-funded primate cen-
ter at the University of Washington, Seattle.
“What are the 1ssues, and what are the facts?”

John Harding. who heads primate
resources for NCRR., would not explicitly
address why no long-term plan exists. But
Harding stresses that the mstitution works
closely with the primate centers and has
“active policies and processes to manage and
oversee 1s chimpanzee resource program.”

NCRR plans to convene its working group in
March to reassess the moratorium. which is in
effect untl December 2007,

Ethical lines

Should NCRR hift the moratorium. debate will
likely intensify over what type of chimp
research is ethically acceptable and worth the
expense—especially now that almost every-
one ¢lse has gotten out of the business,

The Netherlands, the last European coun-
try to conduct invasive research on chim-
panzees, outlawed the practice as of 2004
and has been moving its colony of more than
100 animals to zoos and safari parks. In
October 2006, the one Japanese pharmaceu-
tical company still conducting invasive
research in that country decided to stop: with
support from Kyoto University. the com-
pany plans 1o open a retirement sanctuary
tor its 80 animals in
April. The Hepatitis
Research Foundation
in Poughkeepsie,
New York, which has
long conducted bio-
medical research at a
chimpanzee colony
in Liberia, decided
last fall to release the
last of its
onto 1sland sanciu-
aries. Gabon's Cen-
tre International de
Recherches Médicales in Franceville has
done biomedical research on its small popu-
lation of captive chimps in the past. but
future plans are unclear,

Morton says he'd like to see the United
States phase out biomedical research with

74 animals

chimpanzees. too. It settles on the side of
people who have ethical arcuments. but for

financial reasons,” says Morton, “IF you hift
the moratorium, there'’s going to be breeding
like crazy, and once again we’ll have all these
chimps and who'll be supporting them?™

In fiscal vear 2005, NCRE spemt 58,7 mil-

lion on chimpanzee care. More than 20% of

that went to Chimp Haven in Keithville,
Louisiana, the country’s only publicly funded
sanctuary for the retirement of surplus chim-
panzees, and that amount 1s certain to rise as
more animals are retired. Primatologist Linda
Brent, who heads Chimp Haven, which
depends on both public and private funding.,
questions how the federal government could
possibly attord 1o breed more chimpanzees,
The estimated hfetime cost of canng tor a
chimpanzee—captive males live for 30 vears
on average, females for 45—ranges from
$300,000 1o $300,000, she notes.

Ifthe US, government does decide w invest
more money in maintaining the research chimp
population, many investigators contend that it
should rethink what types of expeniments can
be done and how the animals are housed.
“Chimpanzees should not be used as furry test
tubes,” says Beatrice Hahn, a virologist at the
University of Alabama, Birmingham, who
hunts for AIDS viruses in feces collecied from
wild chimpanzees, Hahn, who conducts no
invasive research, contends that “95% of the
experiments done with them are not necessary.”

In their 2005 Narure commentary.
VandeBerg and co-authors argued that chim-
panzees should remain available for disease
research and for testing drugs and vaccines,
VandeBerg notes that some proprietary
experiments with monoclonal antibodies
done for commercial companies have led 1o
illness or even death of chimps—ypreventing
harmful drugs from entering human trials.
“It’ unethical froma human standpoint to not
do this research,” he says,

In an opposing commentary in the same
issue, UCSDs Varki, Gagneux, and primatol-
ogist James 1. Moore argue that chimpanzees
should be used only in experiments that could
also be done ethically in humans. That would
rule out vaccine studies that intentionally
imnfect ammmals with potentially harmful
viruses, for instance, Even with such con-
straints, they predict demand for animals to
rise. 1 suspect in 3 to 10 years from now,
there’s gomng to be much greater interest in
studying chimps in nondangerous ways,” says
Varki. Ifthese chimps die off, he says, “lustory
will look back and say how could vou let that
happen.” In their commentary, they also called
for increasing funding to provide chimpanzees
with “optimal living conditions.” such as
Chimp Haven’s facility, where chimps can
socialize outdoors for much of the day.

Just how many chimpanzees the country
needs to maintain a viable breeding population
remains a hot-button issue. Nate Flesness,
executive director of the International Specics
Information System and a member of the 1997
NRC committee, notes that North American
z00s have fewer than 350 chimpanzees that
they share for breeding. Flesness and others
say the ULS, government should simply sup-
port a core breeding group of chimpanzees for
biomedical research as an insurance policy for
future emergencies. Beth Israel’s Letvin
agrees with this minimalist strategy, "I we've
learned anything over the years, its that we
don’t know what the next epidemic will be and
what the next major health erisis 1s going to
b, says Letvin, “1t would be foolhardy to take
any potential animal model off the table”

-]JON COHEN

26 JANUARY 2007 WVOL 315 SCIENCE  www.sciencemag.org

CREDIT JAMES RILLING/ENORY UNNERSITY



CREDITS TR TO BOTTOME DAVE BRENMER/MICHIGAN SEA GRANT: SOURCE: CALIFDRENLA DEPARTMENT OF WATER RESOURCES

INVASIVE SPECIES

Feared Quagga Mussel Turns Up in
Western United States

Scientists are trying to assess the potential for ecological and economic damage after
finding a relative of the infamous zebra mussel in the Colorado River

For 2 decades, the zebra mussel has tor-
mented the Great Lakes. Along with its
close cousin. the quagga mussel. the fantas-
tically prolific mussels have clogged the
intake pipes of power plants. coated the

hulls of boats, and thrown ecosystems out of

whack. Western states have been so con-
cerned that in 1998, they started a major
campaign, called the 100th Meridian Imtia-
tive, designed to prevent

boaters from acciden-
tally transporting the

mussels or other exotic

species to their waters.

Now the iminative
has suffered a major
defear. Earlier this month,
quaggea mussels were found in
Lake Mead. a 530_.000-hectare
reservolr in Nevada. And last
week, they were confirmed
downstream in the Colorado
River. There's no sign of zebra
mussels vet, but observers fear
their arrival is only a matter of
time. State officials in Nevada
and California are convening sci-
entific advisory panels to figure
out what to expect and how to
cope with the quagga. “This is
an organism that would be dev-
astating for California’s aquatic
ecosystems and for freshwater infra-
structure,” says Richard Sochren, water
policy adviser for the California Department
of Water Resources.

Both zebra { Dreissena polvmorpha) and
quagga ([} hugensis) mussels are native to
Eastern Europe. They are thought to have
arrived in the Great Lakes by the late 1930s
vig the ballast water of container ships. In
some places. up to TO0.000 zebra mussels
crowd together in a single square meter. By
clogging miake pipes. the mussels cost the
power industry many millions of dollars in
added maintenance. Inexorably, the mussels
have spread down the Mississippi River and
throughout much ofthe eastern United States.

As a popular destination for boaters from
across the country. Lake Mead was clearly in
the mussels” path, and officials there have

www.sciencemag.org SCIENCE VOL 315

CALIFORNIA

been on the alert after several close calls. In
2004, for example, they found dead zebra
mussels on a halt=dozen houseboats arnving
at Lake Mead. 1800 kilometers from the
most westerly sighting of zebra mussels.
Now it’s clear that the quagga mussel
already beat the zebra across the Great
Divide. On 6 January. a diver doing a routine
inspection of a breakwater found a quagga
mussel at a Lake Mead marina, a few kilo-
meters upstream from Hoover
Dam. "1 was heartbroken,”

NEVADA
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@ Quagga mussels found
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San Diego

savs Wen Baldwin, president of the Lake
Mead Boat Owners Association, after the
diver showed it to him. Since then, divers
with the National Park Service (NPS), which
runs the Lake Mead National Recreation
Area, have found mussels in four more loca-
tions. Based on the size of the mussels sent
to him for identification, Robert McMahon
of the University of Texas, Arlington, esti-
mutes that they have been in the lake for at
least 2 vears. The deep. cool water and rocky
bottom offer an ideal habitat for the quagga
mussels, notes Charles Ramcharan, a limnol-
ogist at Laurentian University in Sudbury,
Canada. "Lake Mead is going to have a huge
infestation,” he predicts,

Officials are worried about the impact
on Hoover Dam, which last year generated
3.3 billion kilowat-hours of electricity, and

ARIZONA
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on the two drinking-water plants that also
draw water from Lake Mead. Another big
concern is the potential effect on sport fish-
eries in the lake. The mussels filter huge
volumes of water. removing phytoplankton
and boosting nutrients. This seems to have
harmed commercial fish stocks in some but
not all of the Great Lakes,

An emergency task force of NPS and
state agencies in California and Nevada is
scrambling to prevent further spread. As a
temporary measure, Park Service boats
have been grounded and concessionaires
have been told not to transport rental boats.
They have ramped up inspections of private
boats at the lake as well. California is trying
to increase boat inspections at its three bor-
der stations that receive traffic from Lake
Mead. Ann Malcolm. general counsel for
the state’s Departmem of Fish and Game,
savs the agency will ask the legislature for
the authority to inspect any possible
sources of water on boats and
tforce owners to drain them.

But the mussel seems o have
alreadv spread downstream.
On 17 January, divers with the
Metropolitan Water District
{(MWD) of Southern California
found quagga mussels in Lake
Havasu, near the intake to the
Colorado River Aqueduct, which
supplies water to 18 million peo-
ple. “We are going to be taking
aggressive action.” says Debra
Man, MWD's chief operating
ofticer. Thev plan to use chlorine
or copper sulfate 1o kill any mus-
sels or larvae in the 386-km-long
canal. Luckily, quagga mussels
prefer deeper, cooler water with
relatively few nutrients, so they
probably won't thrive in the canals, says Ed
Mills, an ecologist at the Cornell Biological
Field Station in Bridgeport, New York.

However, if zebra mussels arrive as well,
the situation could be worse. Not only might
zebra mussels flourish in the agueduct, but
they could also cause serious problems with
the many ditches and pipes in the Imperial
Irrigation District, which takes its water
from the Colorado River. “It's conceivable
those canals could require extensive mainte-
nance,” says Michael Mizumoto, the dis-
trict’s biological control unit supervisor.

For the moment, however, scientists and
managers will have enough headaches with
the untolding western drama of the quagga
mussel, Says Ramcharan; “Y all just bought
front=seat tickets to the invasion show.”

-ERIK STOKSTAD
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Three-Headed Quasar Promises to
Shed Light on Universe’s Past

Triple plays are rare in baseball, but not as
rare as iriplet formations of quasars in space.
In fact. images depicting multple quasars in
close proximity have always been routinely
interpreted as mirages, different views of a
single real quasar.

But not always. Of roughly 100,000 known
cosmi¢ beacons that beam lumi-
about

Juasars
nous radiation across the universe
1 00 have been identified as being pairs.
Quasars are powered by massive black holes
in the cores of galaxies, and when two such

axies collide, their central
black=hole quasars retain their
separate identities. so pairs can
survive at least for a while.

Collision of a third quasar
with such a doublet would be
an extremely rare event, but
astronomers say they have
witnessed the birth of
quasar triplets.

“We have found the first
case of a physical triple-quasar

MO

syvstem,” sand astronomer
Georze Djorgovski of the Cali-
tornia Institute of Technology
(Caltech) in Pasadena. leader
of an international team report-
ing the discovery at the meet-
mg. Two of the quasars in the group, desig-
nated QOO 1432-0106, were discovered
before 1989, Astronomers originally
beheved that the pair was an illusion cre-
ated by gravitational lensing of a single
quasar. Such lensing. an effect of Ein-
stein’s general theory of relativity, occurs
when an intervening mass’s gravity bends
the light arriving from distant objecis. In
many known cases. such lensing bends the
light from a distant quasar so much that it
appears to arrive at Earth from multiple
pathways. creating the impression of more
than one object.

Later observations of that quasar system
questioned the mirage nterpretation, how-
ever. Many astronomers concluded that it
consisted of two distinet nearby quasars at a
redshaft ot 2.1, corresponding to a time when
the universe was about 3 billion vears old.

More recently, astronomers from Caltech
and the Ecole Polytechnique Fédérale de
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Real deal.

Lausanne in Switzerland, using data from the
Keck Telescope in Hawaii, spotied evidence
for a third nearby quasar, Baunter than the oth-
ers but also at about the same redshift distance
Further observations with the European
Southern Observatory’s Very Large Telescope
in Chile confirmed the Keck finding.
Efforts to explain the triplet as a
gravitational-lensing effect have failed,
Dyorgovskr sand, as have efforts to find any

intervening massive body that could have

acted as a lens. And scrutiny of the colors of

to be an optical illusion.

light emitted by the quasars revealed subtle
differences, further suggesting that the three
quasars are distinet. *“This is almost certainly
not a gravitational lens,” Dyjorgovskn smd, “so
we are left with the alternative explanation
that it 1s a physical wiple-quasar system.”

Although such systems should be rare,
they are not entirely surprising, and their
existence could aid efforts to understand
the dvnamics of galaxy mergers in the
early universe. Light from the triplets
departed on its journey to Earth more than
10 billion years ago, at a ime when galaxies
occupied a smaller universe and crowding
led to t'ruquum collisions.

“These interactions are in fact quite
common,” said Frederic Rasio of Morth-
western University in Evanston, [linois. In
fact. his computer simulations show that
ealaxies would often collide and merze to
form larger galaxies, and when two galaxies
containing central black hole—powered
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quasars merged. the two black holes would
begin orbiting each other similarly to a
binary star system.

Eventually, such orbiting black holes will
swirl closer together and collapse into each
other. Betore that happens, however, another
colliding galaxy could bring a third black hole
to the dance, at which pomt the interactions
et more comphicated. Rasio’s simulations
show. “The three black holes interact rather
violently and unpredictably,” Rasio said.
“What happens at the end ... 15 these black
holes basically kick themselves out of the
center of that galaxy.”

Their rapd exnt occurs after the latecomer
black hole pairs up with one of the original
two, giving the remaining losera gravitational
kick that hurls it out of the galaxy.
The new pair recouls in the oppo-
site direction. In both cases. the
black holes depart their parent
galaxies at speeds reaching thou-

kilometers per second.

“These speeds are high enough
that the black holes recoil cer-
tainly out into the halos of the
galaxies and sometimes can even
be kicked all the way out, ...
meaning they become wandering
black holes that go through empry
intergalactic space.” Rasio said

In the observed tniplet quasar
system, the black holes have just
begun to come together to per-
form therr partner-swapping dance; they are
still about 100,000 light-vears apart. The
entire process of merging and eventual split-
ting up will take about 100 million vears,
Rasio’s simulations indicate.

“The process that Dr. Rasio has modeled
i5 very, very farin the future.” said astronomer
Virginia Trimble of the University of Califor-
nia, Irvine. *So in some sense. the prediction
has been ventied by the observation, and the
observation has been explained by the the-
ory.” But 100 million years 15 a long nme to
wait to see whether the future behavior of the
triplet really matches the theoretical forecast.

Evidence that such triplet interactions
occur could come sooner, however, Arecoiled
pair of black holes would soon merge and
generate gravitational waves that might be
detectable, Rasio sand. And there also exists
the possibility of detecting a wandering black
hole speeding through space, ideally not
heading wo close o Earth.
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sands or even tens of thousands of
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Middle-Earth Denizens
Mob the Milky Way

The mystery of the mussing dwart galaxies
may have been solved. Instead of looking for
dwarts, astronomers should have been search-
ing for hobbits,

Researchers from the Sloan Digital Sky
Survey reported the discovery of seven previ-
ously unknown dwart galaxies surrounding
the Milky Way. plus an eighth at the edge of
the Milky Way’s gravitational influence.
Because those small galaxies were found in a
survey of only one-fifth of the sky. dozens
more are likely to exist. team member Daniel
Zucker of the University of Cambridge, UK.,
sand at the meeting,

Computer simulations based on current
theories of galaxy formation suggest that large
1as the Milky Way should be sur-
rounded by dozens or even hundreds of dwarf
satellites. Until recently, however, only a few
such saellites were known,

oalaxies suc

Fecund “hobbit.” Leo T (central white cluster) is the
smallest known star-forming galaxy.

A possible explanation for the discrepancy,

supported by the Sloan results, 1s that many of

the dwarfs are wo dim o be easily detected,
“These new dwarfs are extremely faint,”
Zucker said. *We're finding lots of them, and
they seem to be much Gunter than anvone sus-
pected galaxies could be before. So perhaps
rather than dwart galaxies, we should give
them the name "hobbit galaxies.”™

The eighth of the new galaxies, designated
LeoT. is stranger still. At a distance of 1.4 mil-
lion hight=vears, it is probably not a Milky Way

NEWSFOCUS

satellite but rather a free-floating dwarf within

the Local Group of galaxies, Zucker said.
Leo T contains both old and new stars,

cenerating a total brightness only about

50,000 times that of the sun. The presence of

new skars 15 surprising, because most other
dwarfs ceased star formation long ago.

“This is basically the smallest, faintest
star-forming galaxy known,” Zucker said.
“The Local Group could be filled with faint
h'l]"_il.."n.'li\ like this.”

More such dim, free-floating galaxies
could help explain the lack of dwarls in past
observations, said Nitya Kallivayalil of the
Harvard-Smithsonian Center for Astrophysics
in Cambridge, Massachusetts,

“This missing-satellites problem is really
one of the great mysteries,” she said. “The
point that there could be free-floatng satel-
lites bound to the Local Group but not neces-
sarily to any major member of the Local
Group is very interesting, and it's something
that is not outlandish when you look at the
simulations.” =TOM SIEGFRIED
Tom Siegfried is a writer in Los Angeles, Califormia.

Sic transit. The Large
Magellanic Cloud
looks set to outrace

our ga 5 gravi

Snapshots From the Meeting >>

Caught speeding. Long believed to be the Milky Way's most prominent
satellite galaxies, the Magellanic Clouds may turn oul to be mere
passers-by. Rather than pursuing a leisurely orbit, both the Large and
Small Magellanic clouds appear to be speeding by at more than 300 kilo

meters per second, possibly fast enough for them to escape our galaxy's
gravity. “We do have to now consider the possibility that the clouds are
perhaps unbound to the Milky Way," said Nitya Kallivayalil of the Harvard-
Smithsonian Center for Astrophysics in Cambridge, Massachusetts.
Kallivayalil and two other astronomers calculated the clouds’ velocities
by using data from the Hubble Space Telescope to compare the clouds’
motion across the sky to that of very distant (and hence effectively sta

tionary) quasars. The Milky Way could still keep the clouds in orbit,
Kallivayalil said, if it is twice as massive as current estimates suggest or
if its invisible halo of dark matter has an odd shape.

Supernova solution. The space-based Chandra X-ray Observatory has
helped clear up a long-standing mystery about a famous supernova.
Spotted by Johannes Kepler in 1604, the supernova has seemed likely to be
Type la, a thermonuclear explosion detonated when a white dwarf star accu
mulates too much mass to remain stable. Yet surrounding the explosion site
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was circumstellar material more commonly seen with Type Il supemovae,
which occur alter a massive star burns out, collapses, and explodes. X-rays
from the 1604 supernova remnant, recorded by Chandra, clinch the case for
Type la, astronomer Stephen Reynolds of North Carolina State University in
Raleigh reported at the meeting. The x-rays reveal large amounts of iron, a
telltale sign of a thermonuclear blast. Type Il supernovae remains contain
more oxygen than iron, “There's iron everywhere; oxygen is hard to find”
around the blast, Reynolds said. "But at the same time, we've confirmed the
presence of circumstellar material.” That material, Reynolds said, suggests
that Kepler's supemova might belong to a new class of Type la supemovae
from a slightly-more-massive-than-average progenitor.

Mapping the darkness. Using almaost 1000 hours of observing time with
the Hubble Space Telescope, astronomers have produced the highest

resolution map yet of dark matter’s distribution in the cosmos. "It's the
largest project that has ever been done with the space telescope,” said Nick
Scowille of the California Institute of Technology (Caltech) in Pasadena, prin

cipal investigator of the NASA project. Known as COSMOS (for Cosmic Evo

lution Survey), the project traced the location of dark matter across a wide
palch of the sky (nine times the area covered by the moon) at various dis-
tances out to a depth corresponding to a time when the universe was about
half its present age. The dark matter, unknown material that gives off no vis-
ible light, was detected by the way its gravity blurred the shapes of faraway
galaxies. The new maps, published last week in Nature, show that dark mat-
ter provides a massive scaffolding around which the universe’s ordinary (or
"baryonic”) matter conglomerates in clusters of galaxies. "Without this dark
matter, ... the universe wouldn't exist as it is today,” said COSMOS collabo

rator Richard Massey, also of Caltech. There are hints, however, that ordinary
matter does nol always coincide with the dark-matter skeleton. “There are
some inleresting discrepancies within the map,” said Massey. Previous dark
matter mapping by Anthony Tysen of the University of California, Davis, and
colleagues showed similar discrepancies. "There is something funny going
on,” said Tyson, who is not involved in the COSMOS project. -T.S.
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LoopyLens Proteins Provide

When Alison Sweeney wanted to learn about
eve evolution, she went to sea. While the ship

rolled beneath her, she dissected the eves of

squid freshly retrieved from 1000 meters
below and tested how well each lens resolved
the details of a panel of ever-narrower black
and white stripes. Back at Duke University in
Durham, North Carolina, as a graduate stu-
dent in the lab of Sonke Johnsen, she com-
bined those results with biochemical and
modeling data on the optical and chemical
properties of lens proteins to reconstruct the
history of vision in cephalopods
octopl, and their relatives. From just one
ancestral lens protein—vertebrates started
these marnine invertebrates have

‘~L||.||-L|.

with several
evolved lens-based eyesight more than once,
Sweeney reported at the meeting,

The work *15 one of the first imes that
people have dissected the origins of the
complexity in the lens™ used by many
underwater creatures, says evolutionary

brologist Todd Oakley of the University of

California, Santa Barbara. Seeing clearly
underwater requires a special sphencal lens
witha high refractive index in the center but
a lower index toward the edge. This grada-
tion 1s achieved with progressively lower
concentrations, from the lens's center out-
ward, of proteins called crystallins.

The genes for erystalling evolved from
the duplicated genes of small enzymes
often involved in stress responses, Verte-
brates have multiple families ot crys-
tallins, but cephalopods have just one fam-
ily. the S-crystallins, which descend from
aliver enzyme.
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To study this simpler protein family,
Sweeney divided the squid lens into four con-
centrie lavers and analyvzed its protein
makeup using mass spectrometry and other
technigques. With the help of Duke'’s David
Des Marms and Yih-En Andrew Ban, she fig-
ured out evolutionary relationships among
that squid’s ervstallins and determined how
the proteins fold and interact. She and
Mikhal Matz of the University of Flonda,
Giainesville, also sequenced 600 genes for
S-cryvstallins from a dozen other cephalopod
species. “It’s the breadth of approach that T am
most impressed with,” sayvs Thomas Wolcou,
a physiological ecologist at North Carolina
State University in Raleigh.

Researchers already knew that S-crystallins
have an extra loop compared to the ancestral
liver enzyme. Early on in evolution, this loop
was short, But innewer S-crystallin variants, it
15 longer. and the proteins are more positively
charged, Sweeney reported. The older, shorter
proteins were evenly distributed throughowt
the cephalopod lens. But there was a gradient
for the more recent crystallins, with almost
none in the center and relatively more near the
edge. (Amounts dropped at the edee itself))
Sweeney's analysis suggested that there had
been positive selection for the longer loops in
the younger proteins.

For a lens to be transparent, erystallins
MsL sk folded and ey L’I'||_'~ 1_1|-p|._'[-n.:d 10 Cre-
ate a glassy state, That's not a problem in the
closed-packed protemns of a lens’s center. Bun
in the outer half of the lens, proteins can have
the freedom to form clumps and cause
cataracts. It could be that the longer loop
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Near-perfect eyes. Vampire squid lenses are
designed for seeing details, even in virtual darkness.

helps prevent this by further stabilizing the
protein, Sweeney noted. In addition, the high
positive charge helps keep the proteins apart.
“Its amazing how finely tuned the squid lens
15 to do its job,” says Jonathan Henry, a
developmental biologist at the University of
[inois, Urbana-Champaign.

When Sweeney sequenced the S-crvsallin
senes from varous cephalopods, she expected
to find that all these lens proteins had
descended from a common cephalopod
ancestor that had co-opted the liver enzyvme.
Instead, the sequences imdicated that this
adaptation of the enzyme into lens proteins
occurred later, afier the ancestral cephalopod
had begun to diverge into squid, octopi, and
other species. How many cephalopod line-
ages independently came up with this solu-
ton remains unclear, but “it looks hike there’s
been novel evolution [of the enzyme] at least
twice,”

After her study. Sweeney 15 deeply
impressed by cephalopod vision. Indeed she
noted, the shipboard tests showed that the
vampire squid’s lens, which appeared early in
the evolutionary history of cephalopods. “has
a visual acuity better than in a state-of-the-art
Zerss dissecting microscope.”

she reported.

Muscle Fibers Shift
Into High Gear

One look at a ballerina as she pirouettes and

poses drives home the remarkable ability of

our muscles w adapt o diverse biomechanical
demands, Manny Azizi and Thomas Roberts,
biomechanists at Brown University, have now
found that as certain museles contract, they
vary their shape to balance the need for speed
and force. [t's as if these muscles have a built-
N AUMANC ransmission, says Aziz,

“Their study .
understanding how skeletal muscle works in
active animals.” says David Carrier, a com-

.. lakes us one step closer o

parative physiologist at the University of

Utah, Salt Lake City. The data could even
mspire better robots. “Their results may pro-
vide a simple means for automatically vary-
ing the gearing of a robotic [muscle] with
changes in load” says Willlam Kier of the
University of North Carolina, Chapel Hill,
The body has several Kinds of muscles.
cach characterized by a particular alignment
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Whale Worm Sperm Factories

Five years ago, researchers were thrilled by a decomposing whale carcass
they found on the floor of California’s Monterey Canyon, 2900 meters
underwater. The carcass was home to a thriving community of bacteria-
filled tubeworms, called Osedax, embedded in ils decaying bones. The vis-
ible worms were all females, each attended by up to 100 microscopic males
that live in the female's gelatinous tube (Science, 30 July 2004, p. 668).
Now, biologists have taken a closer look at these dwarf males and found
that they have a distinctly odd but highly targeted development: They fail
to mature, except with respect to their ability to produce sperm.

Since 2002, Robert Vrijenhoek and his colleagues at the Monterey Bay
Aguarium Research Institute in Moss Landing, California, have visited sev-
eral more whale falls, some of which are less than 1000 meters deep. At
the meeting, marine biclogist Greg Rouse of Scripps Institution of
Oceanography in San Diego, California, reported finding at least nine
Osedax worm species on these carcasses. "They are finding new species
every time they go down, " says Mark Martindale, an experimental embiry-
ologist at the University of Hawaii, Honolulu.

Rouse has also brought worm-covered whale bones back to the lab,
where he used electron and confocal laser scanning microscopy to detail
the males’ anatomy. In his earlier studies, Rouse noticed that the male
Osedax worms look like larvae of tubeworms typically seen at deep-ocean
vents, But the new work shows them to be even less well-developed than
these larvae.

The dwarf males have no mouth, no anus, and no gut at all. There's no
circulatory system, nor any of the internal stores of bacteria that females
depend on for nourishment, he reported. Smaller males have lots of yolk
from the egg from which they were born, and larger males have almos!

NEWSFOCUS

Mini males. White, larvalike males use hooks

to attach to the pinkish, gelatinous tube of a

ormitiving on decayingwhale bones.

naone, suggesting that males deplete this resource as they grow.

Instead of internal organs, sperm at different stages of development
stuff the male worm'’s body cavity. Rouse discovered a unique sperm duct
that opens out at the top of the male’s head. His studies indicate that
sperm precursor cells start out at the worm's head, migrate toward the
“tail,” and finally move forward again before being released.

Rouse had previously suggested that as females age, they accumulate
a harem of males. New data based on worms collected during recent
underwater expeditions buttress this view. The work suggests that imma-
ture worms that land on bone become female, whereas those that settle
on existing female tubes become males—a pattern known in at least one
other annelid, Rouse pointed out.

The analysis of the male whale worm is exciting, says marine biolo-
gist Kenneth Halanych of Auburn University in Alabama: "It reminds us
that there are still many interesting discoveries that await [us] in the
oceans’ depths.” -E.P.

of individual fibers. Biceps have parallel
fibers and excel as fast contracters, for exam-
ple. In contrast, call muscles are pinnate,
with short fibers arranged at an

angle to the direction of contraction. E.r-.é
This configuration packs in more
fibers per square centimeter. making

the muscle stronger. but sacrifices }
contractile speed.

To build a computer model of how
pinnate museles behave under different
demands, Azizi initially turned to pro-
grams for designing video games, which
also require three-dimensional anima-

tion. His virtual muscle could contract,
shortening along the vertical dimen-
sion—that is, its height—and expand
along other dimensions o maintain a con-
stant volume. For each new muscle shape,
Azizi observed whether. and to what degree,
the fibers changed their angle.

The simulations showed that certain mus-
cle shapes caused contracting pinnate fibers o
shift to a less steep angle. When that happens,
the muscle’s overall height decreases more
than 1t would have had the fibers maintmned
theirangle. In other words, the virtual muscle
shifted into the equivalent of a high gear ratio,
increasing the speed of contraction. Other

WRW.SCIENCEMag.org

simulations indicated that pinnate muscles
with unchangimg angles were the strongest,

Azizi then looked at whether real muscles
acted this way. He had expected that each pin-
nate muscle would have just one gear ratio,
that is, undergo a characteristic shape change,
and therefore be strong or contract fast but not
have both features,

When he and Roberts evaluated
how the drumstick muscle of turkeys
shortened under different conditions,
the results surprised Azizi, “A single
muscle undergoes not one shape
change but a range of differ-
ent shape changes under
different circum-
stances.” he smd.

Paralleling the
virtual muscle, the urkey hibers
themselves shortened about the same
amount under the
various test condi-
tions, But the overall

] _a
:ﬂ -

Fast and strong. Most of
the hamstring muscles
have parallel fibers
(diagram, left), whereas
those in the calf are
pinnate {right).

SCIENCE WOL315

muscle contracted more under lighter forces,
kicking into a high gear. With a heavy load. the
angle of the fibers remained constant, and the
muscle contracted only a Little and instead
became more oval, just as in the simulations.
In this way, the muscle operated at a lower
gear and took full advantage of the dense
packing of pinnate fibers, Azizi noted.

Just as one changes gears on a bicycle
to crawl up an ever-steeper hill, “the direc-
tion of change n the muscle gears matches
the mechanical demands of contraction,”

Azizi said. Moreover, the muscle’s shifting of

gears required no nervous system input,
occurring automatically depending on the
load applied.

Azizi proposes that although pinnate mus-
cle fibers often rotate as they contract, heavy
loads pull against the fibers too much for
them to do that. Thus, although pinnate mus-
cles are supposedly specialized for force,
under light demand, they can also work fast.
The study is “outstanding and very important
for assessing muscle architecture with rela-
tion to function,” says Andrew Biewener, a
biomechanist at Harvard University. “It's
something that many of us have thought
about but never worked or thought through.”

-ELIZABETH PENNISI
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Pretty Structures, But What About

the Data?

THE “GREAT PENTARETRACTION" ("A SCIENTIST'S NIGHTMARE: SOFT-

ware problem leads w five retractions,”

G. Miller. News of the Week. 22 Dec. [ T]hose lovely colored
ribbons festooning
the covers and pages
of journals are just
models, not data ..."

2006, p. 1856; “Retraction,” G, Chang
efal., 22 Dec. 2006, p. 1375)in the wake
of one of protein crystallography’s
greatest blunders, while an embarrass-
ment to the authors, nevertheless pro-
vides the rest of the field with some
small measure of comfort beyvond mere
schadentreude. The mistake so clearly
illustrates two lessons that we aging

baby boomer professors ram down the throats of our proteomically

domng down there n the computational trenches. Students have a hard
time subsuming these dicta into their souls for two reasons: the tvranny

of authority (the vanity journals occupying the vanguard ) and the inher-
ent beauty of the macromolecular models that emerge, as if by magic,

from the user-fnendly crystallographic software accumulated over

decades through the generous labor of the field’s talemed reciprocal

space-cadets, This case highlights the dangers of ignonng bio-
| 2 E i |

—Miller

chemical results, conventional but logically solid, as was done
in the orginal papers and as is now outlined in the politely flac-
cid news report published along with the retractions. Schuldiner’s
aroup, for instance, had shown in careful studies published in
unglamorous workaday journals that the upside-down topology
asserted trom the erroneous structures of the multdrug resist-
ance pump emrE could not possibly apply to the protein in s
membrane home [e.g., (1)]. It too bad these results were dis-
missed as Just old-fashioned biochemistry.

CHRIS MILLER

Howard Hughes Medical Institute, Department of Biochemistry, Brandeis University,

Waltham, MA D2454, USA.

aroused graduate students: (i) that those lovely colored ribbons festoon-

ing the covers and pages of journals are Just models. not data, and (n)
that you invite disaster if vou don’t know what your soltware is actually
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Crop Models, CO,, and
Climate Change

IN THEIR RESEARCH ARTICLE "FOOD FOR
thought: lower-than-expected crop vield stimu-
lation with rising CO, concentrations™
(30 June 2006, p. 1918), S. P. Long et al
argue that erop models have to be improved
to enable estmaton of future food produc-
tion under rising CO, and climate change.
Their conclusion is based on a very selective
sample of crop models used in climate
change studies. A larger group of process-
based crop models have already been im-
proved and/or tested satisfactorily with data
from field experiments, but they are ignored
by Long eral. (/-3).

Furthermore, the effects of rising CO, on
crop vields in the past have been relatively
small. Other factors such as technology devel-
opment have been more important and are
likely to be so in the future (4). For instance,
vields of wheat in Europe have nearly wmipled

WWW.SCIENCEMag.org

between 1961 and today, mainly because
of the development of new varieties and im-
proved management (4, 3). Changes in CO,
concentration over the same period explain
less than 4% of this yield increase assuming
0.08% increase per ppm CO, (4), which is
similar to the data by Long er af. This relative
insignificance of the CO, signal negates much
of Long er al.'s contention that the experimen-
tal technology used to estimate yield changes
has a considerable effect on predictions of
global tood supply (6).

Long er af. are also extrapolating from
the crop productivity per unit area of plots,
ignoring important regional and higher
level relationships. For instance, crop man-
agement, which is largely determined by
socio-cconomic conditions, 15 often sub-
optimal, reducing potential yields and
some of the benefits of nising CO,. Esti-
mations of regional crop vields will also
depend on relationships between climate
and land use change (4). Clearlv. future
food production depends on several factors

SCIENCE

such as technology development. including
crop management. land use change. and cli-
mate effects, which require a much more
integrated approach than that offered by
Long eral.

FRANK EWERT, '* JOHN R. PORTER,?
MARK D. A. ROUNSEVELL?

Department of Plant Sciences, Group Plant Production
Systems, Wageningen University, P.O. Box 430, 6700 AK
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IDepartment of Geography, Université Catholique de
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Response

OUR RESEARCH ARTICLE DID NOT CRITICIZE
the design of models used w predict global
change impacts on future food supply.
We argued that reliable model projections
require accurate model parameterization.
Data from the fully open-air field treatments
with elevated CO, (FACE) mdicate that the
commonly used parameterization for the
CO,-fertilization effect 15 overoptimistic,
We recognized that rising CO, is only one
of many factors affecting future food sup-
ply, but CO, has been shown o be pivotal
in projecting an increase versus a de-
crease in future food supply under global
change ( /-4),

Ewert ef al. suggest that rising CO, has
had. and will have, little impact. attributing
only 4% of wheat vield improvement over
the past 30 years to rising CO,. This 4% is
consistent with FACE. but not non-FACE
results (extrapolating from Fig, 2A). We
agree that the 50 ppm mcrease in OO, may
have played a relatively minor role in the
past 30 years, But it 1s projected 1o increase
to 180 ppm over the next 50 vears and thus
has the potential to be far more important,

Ewert er al. note the tripling of wheat
yield since 1960, due to technology devel-
opment, and imply that this will continue.
Large increases in cereal crop vields have
been achieved by improved harvest index
and nitrogen fertilization, but returns on
these strategies are diminishing (5, 6).
Although we hope that the improvements
of past decades can be mamtained. 1t
will not happen without innovative new
approaches and a perceived need for crop
adaptation. In our judgment, urgent action
is needed given the long times required to
develop new cultivars adapted to change
and able to realize in farmers’ fields the
higher CO, Fertilization effect observed
in protected environments. Equally. field-
scale manipulations of CO,. including. for
example. tropical locations. interactions
with rising ozone. and genetic variation,
are needed. Without this more secure para-
meterization, projections of future global
food security may have feet of clay. If we
tail in taking these practical measures, then
might history say, were they modeling
while the world’s gran supply burned?

STEPHEN P. LONG,' ELIZABETH A. AINSWORTH,?

ANDREW D. B, LEAKEY,> DONALD R. ORT,?

JOSEF NOSBERGER,* DAVID SCHIMEL®

‘Departments of Plant Biology and Crop Sciences, Uni-
versity of lllinois at Urbana-Champaign, Urbana, IL, 61801
USA. ‘Photosynthesis Research Unit, U.S. Department of
Agriculture-Agricultural Research Service, Urbana, IL

61801, USA. YInstitute for Genomic Biology, University
of Illinois at Urbana-Champaign, Urbana, IL 61801, USA.

“Institute for Plant Sciences, ETH Zurich, 8902 Zurich,
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National Center for AMtmospheric Research, Boulder, CO
80307, USA,

References

1. M, Parry, C. Rosenzweig, M. Livermare, Philos, Trans,
R. Soc. Lond. B Bigl, Sci. 360, 2125 (2005).

2. C. Rosenewedg, M. L. Parry, Nodure 367, 133 (1994).

3. H. Gitay, 5 Brown, W. Easterling, B. Jallow, in Climate
Change 2001: Impacts, Adapiation, ond Vulnerabitity,
1. . MoCarthy ef al., Eds. (IFCC/Cambridge Univ, Press,
Cambridge, 20013, pp. 237-342,

4, M. L Parry, . Rosenoweig, A. bglesias, M. Lvermore, G.
Fischer, Glabal Environ. Change Human Policy
Dimensions 14, 53 (2004).

5. M. P. Reynolds, A. Pellegrineschi, B. Skowmand, Ann.
Appl. Biol. 146, 3% (2005).

6. V. ). Shearran, R. Sylvester-Bradley, R. K. Scot, M. ).
Foulkes, Crop Sci, 45, 175 (2005).

Problems with University
Hiring in Spain
SPAIN HAS COME A LONG WAY IN THE PAST 30

years, but in regards 1o science and technol-
ogy, the country is suffering from growing
pains on its way to claiming its proper place
as one of the top 10 economies of the world
[Spain ranked eight in total GDP in 20035,
according to the World Bank (/)]. The abuse
sultered by Antonio Ferriz (“Spain reconsid-
ers its university reform law.” X. Bosch,
MNews of the Week, 10 Nov. 2006, p. 911)
would be inconceivable in a system where
merit is the principal factor for hiring faculty.

Although in recent times, the top univer-
sities i Spain have followed well-estab-
lished procedures in the selection of faculy,
the process is riddled with irregularities at
smaller universities, which are managed by
local governments that place a low priority
on research. Increased autonomy for univer-
sities must come with increased responsibil-
ity. Mot hiring the best candidate available
constitutes dereliction of duty by university
officials. They are responsible to the com-
munity that maintains the university,

The new unmiversity reform law repre-
sents a step forward in the process of quali-
fication of candidates. but there are no
incentives for universities to hire the best
possible candidates. Inbreeding and ethical
violations are likely to continue at all but the
best universities in Spain until autonomy
and responsibility run concurrently.

JUAN ). MANFREDI

Professor and Chair, Department of Mathematics, University
of Pittsburgh, Pittsburgh, PA 15260, USA.
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ALTHOUGH DISCUSSION OF THE PROBLEM OF
inbreeding in Spanish university hiring prac-
tices is welcome (“Spain reconsiders its uni-
versity reform law.” X, Bosch, News of the
Week. 10 Noa 2006, p. 911). it is frustrating
to see the debate so narrowly centered around
the regulations related to details of hinng pro-
cedures: The present system is focused on
controlling the procedures (not unlike other
European systems) instead of the outcomes,
It is sadly true that if universities were lefi o
their own devices, wo many decisions would
be plainly wrong. But legislating to force aca-
demies w make the right choice is a poor rem-
edy for a deeper illness. The real questions are
why universities are making poor hiring deci-
sions, and how to reverse this tendency, The
answers must be based on the current reality
that the general interests of a umiversity and
its drive toward excellence are at odds with
the interests of its members, A Spanish aca-
demic nowadays benefits much less from hir-
ing a world=class, independent new colleague
than from promoting a less-qualified subor-
dinate already at the university. This is the
heart of the matter and where the debate
should be focused: not how to force academ-
1cs to act against their interests, but how to
align these interests with those of their uni-
versities. A culture of excellence sinks in
very slowly, and growing numbers of excel-
lent academics are thriving in Spain by
swimming against the tide. It is time to wrn
it. If temporary measures are necessary, they
should be clearly idenufied as such, distin-
auishing them from the final model, inwhich
universities and their members face the con-
sequences of their decisions, as in any other
sector of society.

EMILIO ARTACHO

Department of Earth Sciences, University of Cambridge,
Cambridge CB2 3EQ, UK.

CORRECTIONS AND CLARIFICATIONS

Mews of the Week: Astrobiology fights for its [ife™ by A.
Lawler (19 Jan., p. 318). The piclure credits on page 320
were reversed. The picture of Lynn Rothschild is courtesy of
Reberto Aniteri/lynn RothschildNASA, and the Centro de
Astrobiclogica building in Madrid is courtesy of the center.

Letters to the Editor
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LETTERS I

News Focus: “Don't pretty up that picture just yet” by |.
Couzin (22 Dec 2006, p. 1866). The caption accompany-
ing this image in the story was misleading. The original
version of the image is on the left, and the modified one
is on the right.

Breakthrough of the Year: “The Poincare conjecture—
proved ” by . Mackenzie (22 Dec. 2006, p. 1848). The news
story stated that of the three groups that have worked
through the missing details of Peralman’s papers, only Cao
and Zhu claim to have finished the complete proof of the
Geometrization Conjecture. In fact, Kleiner and Loft also
make that claim.

TECHNICAL COMMENT ABSTRACTS

CommenT on “Evolutionary Paths
Underlying Flower Color Variation
in Antirchinum”

Mark D. Rausher

Although Whibley et ol. (Reports, 18 August 2006, p. 963)
argue for the presence of high-fitness ridges in the
Antirrtinum floral-color adaptive landscape, their data
are equally compatible with adaptive landscapes having a
single peak and no ridges. Their demonstration of diver-
gent selection across a hybrid zone argues against the
presence of adaptive ndges.

Full text at www.sciencemag.orgicgiicontent/iull/315/5811/
461a

Response To COMMENT ON
“Evolutionary Paths Underlying
Flower Color Variation in
Antirrhinum"

Annabel C. Whibley, Nicolas B. Langlade,
Christophe Andalo, Andrew I. Hanna,
Andrew Bangham, Christophe Thébaud,
Enrico Coen

Rausher's assertion that divergent selection across
a hybrid zone is incompatible with adaptive ridges,
although intuitively reasonable, is incorrect on several
fronts. His alternative hypothesis of a single moveable
peak predicts a sharp environmental transition across the
hybrd zone that s not supported by observations. Thus, a
high fitness path still provides the most straightforward
explanation of our data.

Full text at www.sciencemag.orgicgicontent/full' 3155811

461b
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MUSIC

Riffs on Numerical Themes

narecent frigid evening in New York

City, I went downtown to hear some

Jazz. In most respects it was a per-
fectly normal concert; a quartet led by the
saxophonist Rudresh Mahanthappa promot-
ing a new CD in the sort of high-end jazzr bar
that seats about 100 people. all of them
squinting in disbelief at the price of drinks.
But there was also a tantalizing secret for
those in the know. Mahanthappa composed
the musie for his latest album, Codebook,
using number theorv—the branch of mathe-
matics that has born such fruits as the
Fibonacci sequence (the inspiration for cen-
turies of art and mysticism, including the
best-selling if often reviled Da Vinei Code)
and the wols of cryptography.

One could say that mixing math and music
15 nothing new, As the German philosopher
Giottfried Leibniz put it, “*Music 15 the pleas-
ure the human mind expertences from count-
ing without being aware that it is counting.”
But whereas all music 1s
built to some extent on
mathematical structures,
Mahanthappa takes the
relationship to the next
level: Math isnt just the
medium of his art, it is
also his subject.

Take for example his
tune “Further and In Be-
tween.” The melodies
batted between sax,
bass, and plane are per-
mutations of a scale bult
on the semitone inter-
vals (1.4.2.8,5.7). It hap-
pens that 142,857 15 one
of the so-called cyelical
numbers. which have

immediately what | mean.
{Leaning forward to read the
artist’s explanation of the pile of
tin cans covered in panty hose
and melted bubble gum. vou
learn that it represents space-
time. evolution. artificial intelli-
gence, ete.)

To test the null hvpothesis. |
gave Mahanthappa the best chance possible w
prove it wrong by assembling an ideal audi-
ence. Siting around the whble with me were two
musicians with no formal mathematical train-
ing. a mathematician with no musical training,
a couple of mathematicians who are also
accomplished musicians, and, as a control
group. a lawyer and a social worker. | passed
around a cheat sheet so that everyvone knew
what to listen for. ( The day before the concert, |
met with Mahanthappa and wrote down the
order of the pleces to be plaved and the mathe-
matical basis of each.) The lights dimmed, the
band mounted the
stage. and the experi-
ment began

Mahanthappa
launched us into the
deep end right away,
both musically and
mathematically.
Before the rest of the
instruments jomed. he
broke the silence with
i stquence Hrl“!ll.,'.\'- L1h
Fast and jittery it was
like a spider dancing
on his sax. The manic
melodies of the tune.,
“The Decider.” are
a mapping of the Fibo-

Codebook

Quartet (1)

long fascinated number
theonsts and numerolo-
gisis alike (not to con-
flate the two). Cyelical numbers with n digits
have the interesting property that multiplying
one of them by a whole number between 1 and
i generates a new number having the same
digits rearranged (e.g.. 142857 = 3 =428571).
Mahanthappa uses this arithmetical curiosity
as a constraint for improvisation: play any-
thing as long as it generates a cyclical number.

But what does the audience get out ol such
mathematical maischiet” The pessimist in me
savs that they get nothing at all, that its just a
gimmick. Let’s call that the null hypothesis. It
yiou ve been to modern art museums, vou'll know

nacci sequence (J2)
onto the 12-tone musi-
cal scale. From that
initial shock. the band
carried the piece aloft in what felt like a series
of booster rockets before reaching the seem-
ingly free-tfloating (but actually quite struc-
tured) space of improvisational jazz.

Using the Fibonacei sequence seems like
an arbitrary choice. perhaps verging on a gim-
mick. Wouldn't a random sequence do just as
well? According to Mahanthappa. the choice
rises above gimmickry {or two reasons. For
one, he says, wking the sequence as his mspi-
ration and constraint generates music he could
not have produced otherwise. For another, he
claims, the mapped sequence has unigue

Rudresh Mahanthappa

musical behaviors, “It sounds right no mater
what key the others are comping (3) in.” he
told me. “1 tried alternative sequences and
they didn’t have that property.”

Fair enough. However, such
subtleties didn’t immediately
CONTIE OCTOSRS WO I'['I.:\' h.'hlq'.llldli.'l“.‘i_‘.
“The mathematical themes are
difficult to hear.” remarked
Michael Thaddeus (an alge-
braic geometer at Columbia
University) with furrowed
brow, “Well. it is called Code-
Book afier all,” he quipped. And for some of
the pieces—such as “Frontburner.” in which a
Coltrane melody has been run through sev-
eral lavers of encryption—no human ear, no
matter how prepared, would be able to detect
Mahanthappa’s invention.

Far more apparent than any of the individ-
ual mathematical tropes was an overall sense
of lush complexity. *“The drummer in particu-
lar was using rhythmic elements from Indian
classical music in a way that was clearly
Far beyvond that of an amateur,” observed
Manjul Bhargava. a number theorist {and
tabla performer) at Princeton University.
{Indeed. the drummer, Dan Weiss, 15 a stu-
dent of the renowned Caleutta tabla player
Samur Chatterjee. )

But as the show went on, mathematical neu-
rons did begin to fire, Thaddeus deduced that
the melodies in “Further and In Between™ get
their jumpy quality from the lack of consecutive
digits in the cvelical numbers. He and Bhargava
were also wise to the math withm another tune,
"Enhanced Performance.” which 1s built on
a nested set of accelerating polyrhythms,
{ Mahanthappa dedicated the prece to steroid use
among Olvmpic athletes, and knowing this con-
tributed an exira squirt of adrenaline.) Nor did
vou have to be a mathematician (or a musician)
to observe many of the tricks. Caroline Trow-
bridge. a recent graduate of Yale Law School,
easily detected that layered within several of the
tunes—but especially “Play It Again Sam.” ded-
icated o Samuel Morse—wene the performers”
names in Morse code, like signatures on
sound pamtings,

So on this basis, [ can already rule out the
null hypothesis. The math is definitely more
than justa gimmick, even to the untrained ear.
But what then does the audience get out of the
experience? This is where the experiment got
interesting. The band plaved two sets, and the
breather between them, like a coffee break
between lectures at a good scientilic confer-
ence, bnmmed with heated, cross-chsciplinary
conversation. Topics ranged from how con-
straints act as dynamos for creativity (for
example, the sonnet form in poetry ) and the
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biological constramts that produce Fibonacci
numbers in nature to the independent discov-

ery (Far earlier than in Europe) and use of

Fibonacei numbers in ancient Indian poetry.
With our brains lNzzing from such cross-talk,
the second set was all the more enjoyable.
And that supports my alternative hypothe-
sis Tor what an audience can get out of a
Mahanthappa performance: a unigue, jazz-
fueled occasion to explore ideas. Trowhridge
called it “the secret knowledge effect”™—that
heightening of the senses from an awareness
of mdden lavers of meaning—and [ agree. In
addition, the quartet’s virtuosity makes their
plaving a pleasure to behold, no matter how
one feels about jazz. But before taking my
word for it [ recommend replicating the
experiment lor yourself—with the CD if you
can’t catch a performance.
—John Bohannaon

Motes

1. The quartet comprises Rudresh Mahanthappa, Vijay lyer,
Frangais Moutin, and Dan Weiss.

2. The sum of each pair of consecutive numbers in the
Fibonacci sequence [0, 1, 1, 2, 3, 5, 8, 13, 21, ...] gen-
erates the next. The ratios of consecutive Fibonacel num-
bers [172, 2/3, 5/8, 813, ...] converge on the irrational
number O (0.61803398%...), known as the golden
mean,

3. That's jazz-speak for “accompanying. ™
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SCIENCE AND RELIGION

Arguing for Atheism

Michael Shermer

There is no position on which people are so
immovable as their religious beliefs. There
is no more powerful ally one can claim ina
debate than Jesus Chnst, or God, or Allah,
or whatever one calls this supreme being.
The religious factions that are growing
throughout our land are not using therr
religious clout with wisdom. They are
tryving to foree government leaders into
following their position 100 pereent. 1f you
disagree with these religious groups on a
particular moral issue, they complain, they
threaten vou with a loss of money or votes
or both. I'm frankly sick and tired of the
political preachers across this country
telling me ... that if | want to be a moral
person, | must believe in A, B, C, and D,
Just who do they think they are?

The reviewer i5 al Skeptic magazing, 2761 North Marengo
Avenue, Altadena, CA 91001, USA. E-mail: mshermer@

skeptic.com
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uch surring words, spoken with such

moral conviction, must surely come

from an outraged liberal exasperated
with the conservative climate of America
today. and one can be forgiven for thinking
that in a review of The God Delusion these
are the words of Richard Dawkins himself,
who is well known for not suffering reli-
gious fools gladly. But no. They
were entered into the Congres-
sionad Record on 16 September
1981, by none other than Senator
Barry Goldwater. the fountain-
head of the modern conservative
movement. the man whose
failed 1964 run for the presi-
dency was said to have been
fulfilled in 1980 by Ronald
Reagan. and the candidate whose
campaign slogan was “In Your Heart You
Know He's Right.”

[T Goldwater had been president for the
past six years, | doubt that Dawkins would
have penned such a powerful pelemic against
the infusion of religion into nearly every
nook and cranny of public life. But here we
are, and like Goldwater, Dawkins is sick and
tired ol being told that atheists are immoral,
second-class, back-of-the-bus citizens. The
Crod Delusion 1s his way of, like the Howard
Beale character in the 1976 Nlm Network,
sticking his head out the window and shout-
ing. "I"'mas mad as hell, and I'm not going to
take this anymore.”

But Tie God Delusion 15 so much more
than a polemic. It is an exercise to “raise
consciousness to the fact that to be an athe-
ist 15 a realistic aspiration, and a brave and
splendid one. You can be an atheist who is
happy, balanced, moral, and intellectually
fulfilled.” Dawkins wants atheists to quit
apologizing for their religious skepticism,
“On the contrary. it is something to be proud
of, standing tall 1o face the far horizon, for
atheism nearly always indicates a healthy
independence of mind and, indeed, a
healthy mind.”

Dawkins also wanis Lo raise conscious-
ness about the power of Darwin’s dangerous
idea of natural selection. He believes that
most people—even many scientists—do not
fully understand just how powerful an idea it
i5. He attributes that Failure to the need o be
steeped and immersed in natural selection
before you can truly recognize its power. In
this context, natural selection “shatters the
illusion of design within the domain of bio-
logy. and teaches us to be suspicious of any
kKind of design hypothesis in physics and
cosmology as well”

Out of obligation, of course, Dawkins

The God Delusion
by Richard Dawkins

BOOKSETAL

reviews and offers rebuttals o all the stan-
dard arguments for God’s existence. He con-
centrates on dissecting the anthropic princi-
ple and dismantling intelligent design
creationism. (As part of the latter efforts, he
redirects the creationists” argument from
complexity to show that God must have been
designed by a superintelligent designer,) He
then builds a case for “why
there almost certainly is no
God.” The remainder of the
book outlines possible evo-
lutionary ongins of moral-
ity and religious belief, a
Justification for being hard
on religion, childhood reli-
gious indoctrination as
child abuse. and an elegant
commentary on the pro-
gressively changing moral zeitgeist,
Dawkins closes with a tribute to the power
and beauty of science, which no living
writer does better,

When I received the bound galleys for The
God Delusion, | eringed at the utle, wishing it
were more neutral {why not, say. The Gaod
Cuiestion?). As 1 read the book, I found myself
wincing at Dawkins's references to religious
people as “faith-heads.” as being less intelli-
gent, poor at reasoning, or even deluded. and
to religious moderates as enablers of terror-
ism. | shudder because I have religious friends
and colleagues who do not fit these descrip-
tors. and | empathize at the pain such pejora-
tive appellations cause them. In addition, I am
not convineed by Dawkins's argument that
without religion there would be “no suicide
bombers, no W11, no 7/7, no Crusades, no
witch-hunts, no Gunpowder Plot, no Indian
partition, no Israeli/Palestinian wars, no
Serb/Croat/ Muslim massacres. no persecu-
tion of Jews as *Christ-killers.” no Northern
Ireland “troubles™....”" In my opimon., many of
these events—and others often attributed
solely to religion by atheists—were less reli-
eiously motivated than politically driven, or at
the very least involved religion in the service
of political hegemony.

1 also never imagined a book with this title
would ever land on bestseller lists in the
United States. But [ was wrong. The data have
spoken. Flie God Delision 15 a runaway best-
seller, a market testimony to the hunger many
people—{far more, 1 now think. than polls
reveal—have for someone in a position of
prestige and power to speak for them in such
an eloquent voice. Dawkinss latest book
deserves multiple readings. not just as an
important work of science, but as a great work
of literature.
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THE EARLY YEARS

Algorithm-Guided Individualized
Reading Instruction

Carol MeDonald Connor,' Frederick J. Morrison,? Barry J. Fishman,?
Christopher Schatschneider,! Phyllis Underwood'

eading and writing are among the

most important skills in today’s infor-

mation-driven world. Yet. according
to the Natonal Assessment of Educational
Progress ( 1), more than one-third of children
in the United States lack fundamental reading
skills. This rate is even higher for children
living in poverty. lliteracy 15 a society-wide
and costly problem and is associated with
increased rates of grade retention, referral o
special education. high school dropout, and
Juvenile delinguency (2), Many children fail
to reach proficient levels in reading only
because they do not receive the amount and
type of instruction they need (3-3).

Much of'the controversy regarding the best
way to teach children how to read has focused
on whether instruction should be code-based,
such as phonies, or based on whole language
and meaning (6-4), but this debate may miss
the point. Although most children develop
stronger reading skills when they receive a
balance of explicit decoding instruction in
combination with meaningful reading acuvi-
ties (7. ¥-12), even a balanced approach the-
ory assumes that one approach. if'it 1s the nght
one, will be equally effective for all children
{13, 14). Instead, the efTicacy of any particular
instructional practice may depend on the skill
level of the student. Instructional strategies
that help one student may be ineffective when
apphed o another student with differem
skills ( /3-21).

About the Intervention

In a previous study, children who began first
grade with below-average letter-word reading
skills demonstrated greater improvement with
greater amounts of time in explicit teacher-
managed code-tocused imstruction (table S1)
( 16). For students who began with above-
average reading skills, greater growth in letter-
word reading skills was actually related to less
time in teacher-managed code-focused activi-

Florida Center for Reading Research, Florida State
University, Tallahassee, FL 32301, USA. Department of
Psychalogy, *Schacl of Education, University of Michigan,
Ann Arbor, Ml 48109, USA.

*Author for cornespondence. E-mail: cconnor@isw.edu

Reading instruction. Lessons are tailored to indi-
vidual students,

ties. We also found an interaction between
vocabulary and instruction. Children with

above-average vocabulary scores at the start of

the school year made greater gains in word
reading when they spentmore time throughout
the year in child-managed meaning-focused
mstruction (such as independent reading).
In contrast, children who began with below-
average vocabulary scores achieved the strong-
est growth in word reading skills with a combi-
nation of nstruction patterns: Their reading
skills grew more when they initially spent
more time on code-based activities, with
mereased child-managed meaning-focused
instruction as the school vear progressed.
Algorithms used by Assessment to
Instruction ( A2i) Web-based software (22)
incorporate these child=-by=instruction interac-
tions andl, for each child, provide recommen-
dations updated monthly regarding amounts
and types of instruction (figs. 81 and 82).

Individualizing instruction with the use of

A2i does not represent a new reading curricu-
lum but rather a new way of implementing
current reading programs. All literacy activi-
ties are indexed to dimensions of nstruction:
code- versus meaning-focused. teacher-
versus child-managed, and change over time
(/6] (table 51). The dimension that describes
code- versus meaning-focused instruction
captures the content of the activity. Code-
focused instruction includes those activities

First grade students achieved stronger learning
outcomes in reading when teachers fine-tuned
instruction to individual students under the
guidance of A2i software,

designed to help students achieve proficient
phonological decoding and word reading
skills ( [4). Meaning-focused instruction is
designed to teach children how to extract and
construct meaning from text( 23). The dimen-
sion teacher- versus child-managed instruc-
tion identifies who is responsible for focusing
the students” attention on the learning activi-
ties at hand—the teacher or the swudent (4,
f6). Teacher-managed instruction may be
highly interactive, such as when the teacher is
leading a discussion. Child-managed instruc-
tion includes activities in which students are
expected o work independently (see photo-
eraph. left) or with peers. Change over time
captures the impact of changing the focus or
instruction time through the school year (/6).

These dimensions operate simultaneously
so that any language arts activity falls in one
of four sectors (table S1). For example, chil-
dren reading together in the library are partic-
ipating in a child-managed. meaning-focused
activity. The teacher instructing the children
in how to segment or blend phonemes in
words s leading a teacher-managed. code-
focused activity.

In addition o recommending amounts and
types of instruction, A2i algorithms use chil-
dren’s reading scores to help weachers effec-
tively group the children for instruction.
Lesson planning software helps teachers
implement this mdividuahized mstruction on a
daily basis (appendix SA and fig. 82).

The individualizing instruction interven-
tion asked teachers toteach reading for at least
90 punutes a day during a dedicated block of
time. to provide instruction to children with
similar reading skills in small groups, and to
follow the A2i recommended amounts and
specific types of instruction. Control teachers
were also expected to have a dedicated daily
reading block (of 90 minutes) and to use
small groups according to school policies.
Assessment results were shared with all teach-
ers (appendices SA and 5B). All teachers in
the treaiment group received the same amount
of traming on how to plan and implement indi-
vidualized reading instruction using A2i,
Control teachers received no professional
development from our program during this
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experimental phase. Thus, expectations for
amount and structure of reading instruction
were similar across groups. whereas the
aceess to A2l recommendations and profes-
sional development was different.

Methods

This cluster-randomized field trial asked
whether providing individualized reading
instruction (as guided by A2i algorithms)
would cause stronger student reading out-
comes. The study was conducted in an ethni-
cally and economically diverse school district
in Florida, in 10 schools, with 47 teachers
and 616 hirst-grade students. Schools were
matched and paired on key indicators, with
one randomly assigned to the treatment group
{n = 22 teachers) and the other to the control
group (n = 25 teachers). All participating
schools had students living in poverty (table
52 and appendix SB).

Students” language and literacy skills were
assessed in August 2003 and in January and
May 2006 with the use of the Woodcock
Sohnson Tests of Achievemen=H ( 24), which
are predicuive of performance on state and
federal achievement tests (/) (table S3).

Results and Implications

Owr results revealed that individualized
instruction, guided by A2i and supported
by professional development, promoted
stronger student reading growth compared
with that of the control group, controlling for
fall reading and vocabulary scores as well as
child and school charactenistics (residualized
mean difference = 2.63. 95% confidence
interval = 0.37 to 4.90; appendices SB and 8C
and table S3).

However, individualizing student instruc-
tion using A2i software. even with profes-
sional development, proved challenging for
some of the teachers in the study. We captured
fidelity of treatment in two ways, through
classroom observations and by recording
time spent using A2 (appendix SC). Based on
classroom observations, by February, nine
teachers (41%) implemented the intervention
with moderate to high fidelity (table 54). Two
teachers (9% did not implement the interven-
tion until toward the end of the year. Teachers’
use of A21 software also vaned. On average,
they used A2i for 180 minutes from |
September to 31 May (range 15 to 374 min-
utes, median = 191 minutes). Six teachers
used the software for less than 100 minutes,
whereas 11 teachers used the software for
more than 200 minutes. Teachers who used
A2i more frequently also tended to betier
implement individuahzed mstruction in the
classroom (correlation, r= 034, P=0.014).

www.sciencemag.org SCIENCE VOL 315 26 JANUARY 2007

Although it is not possible w fully dis-
entangle the impact of individualizing
instruction using A2i and the professional
development teachers received, it is un-
likely that the reading outcomes were due
to teacher training alone. The treatment
teachers all received the same amount of
training, yet varied in the number of min-
utes they used A2i and the extent to which
they individualized instruction. Thus, we
could examine these two markers of
fidelity as they related to children’s reading
outcomes, holding the amount of training
constant. We found that the more time
teachers spent using A21., the stronger were
their students” reading skills by the end of
the yvear (a l-point increase in W score for
every additional 50 minutes teachers used
A2i, ({200 = 2.97, P = (0.008; table 56).
There was also an interaction with stu-
dents’ initial vocabulary scores. When
teachers used A21i more frequently, on aver-
age, their students demonstrated stronger
outcomes compared with children who had
similar initial vocabulary scores in the
control classrooms. Additionally, in higher
fidelity classrooms, students with below-
average nitial vocabulary skills (including
many children from high-poverty families)
achieved reading scores that were generally
comparable to students with higher initial
vocabulary scores (tables 57 and 58, hg.
53, and the figure shown below). Taken
together, using A21 and implementing A2i
recommendations in the classroom appear
to contribute to stronger student outcomes
over and above the training teachers
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Interaction between A2i use and vocabulary.
Spring scores for first graders who started the year
with below-average vocabulary (blue) (25th per-
centile; Wscore = 474, age equivalent, & years) and
above-average vocabulary (red) (75th percentile;
W score = 486; age equivalent, B years). Mean
terminal scores are shown for children in the control
group (circles) and the treatment group (lines);
treatment group results vary depending on teach-
ers’ A2i use (table S6).
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niribute to better reading results.
Thus. individualized reading instruction
ided by the A2i algonithm and coupled with

professional development supports teachers

n

e

L)

ca
gl R

their efforts to provide optimally effective
wling instruction for all children.
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GENETICS

SNPs, Silent But Not Invisible

Anton A, Komar

ingle nucleotide polymorphisms (SNPs)
are small genetic changes found in both
coding and noncoding regions of the
genome. The genetic code is degenerate in that
maost amino acids are represented by more than
one trplet of nucleotide bases (a codon). Such
codons are considered synonymous. Many
SMPs are “silent™ as they result in synonymous
codon substitutions. Because these silent SNPs

do not change the amino acid composition of

the protein product, they have largely been
assumed to exert no discernible effect on gene
function or phenotype. But are silent SNPs
indeed always silent? On page 525 in this issue,
Kimchi-Sarfaty er af. (1) provide evidence that
naturally occurring silent SNPs can affect in
vivo protein folding and. consequently. func-
uon, The study shows that substrate specificity
of P-glycoprotein. the product of the multidrug
resistance | (MDR ) gene, is altered by SNPs
presumed to be synonymous and silent. How s
this possible?

The onginal Beadle and Tatum hypothesis
ol “one gene, one enzyme”™
the classic view of gene structure and func-
tion—started 1o break down almost as soon
as it had been completely formulated (2).
Cellular processes, including alternative
RNA splicing and posttranslational protein
modifications, create more than one protein
product from a given sequence in the genome.
Yet. itis widely assumed that a single messen-
ger RNA (mRNA) encoding a polypeptide
chain with a defined amino acid sequence
will give rise to, during the process of trans-

lation, dentical protein products in terms of

their structure and activity, assuming that
these products undergo the same co- and post-
translational modifications in the cell, This
assumption 15 based on the widely accepted
Anfinsen’s principle. which states that the
information necessary to specify the native
three-dimensional structure of a protein
which largely detfimes its function
tained solely in its amino acid sequence (3).
Although these two principles can still be
applied to a wealth of genes and proteins, a
polvpeptide chain can exist in the cell in a
number of alternative conformations, reveal-
ing different functions and/or activities. For

15 COn-
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Translation kinetics and protein folding. Unaffected translation kinetics results in a correctly folded pro-
tein, Abnormal translation kinetics, caused by the ribosome moving faster or slower through certain mRNA
reqgions, can produce a different final protein conformation. Abnormal kinetics may arise from a silent single
nucleatide polymorphism (SNP) in a gene that creates a codon synonymous Lo the wild-type codon. However,
this symonymous codon substitution may lead to different kinetics of mRNA (protein) translation, thus yield-
ing a protein with a different final structure and function.

example. a neuronal isoform of evtoplasmic
polyadenylation element binding protein in
the sea slug (Aphwia californica) exists in two
different forms: a soluble inactive form and an
insoluble active form that regulates synaptic
protein synthesis (4). The molecular mecha-
nisms that can drive the folding of a polypep-
tide chain in vivo into aliernative conforma-
tions are still mostly obscure.

The crowded cellular environment. folding
catalysis, and accessory proteins all contribute
to protein folding in the cell (5). Could there
be other factors affecting the final conforma-
tion of a protein? In 1987, Purvis and col-
leagues proposed that “the way in which some
proteins fold 15 atfected by the rates at which
regions of their polypeptide chains are trans-
lated invivo™ (6). They hvpothesized that cer-
tain “gene sequences have evolved to control
the rate of ranslatonal elongation such that
the synthesis of defined portions of their
polypeptide chains is separated temporally.”

The rate of ribosome traffic on mENA is
known to be nonuniform and mainly modu-
lated by both the general degeneracy of the
genetic code (namely, the use of specific syn-
onymous codons that is characteristic for a
given organism) and the availability of cog-
nate aminoacyl-transfer RNAs (1RNAs) that
surround the ribosome during translation,
pamsed o deliver amino acids, Within many
orzanisms, a strong codon bias exists (7) and
the amount of cognate tRNAs 15 directly pro-
portional to the frequency of codon usage,

Thus., infrequent codons in mRNA appear to
be slowly translated. whereas frequent codons
are rapidly translated.

Optimization of in vivo protein folding
which is thought to be cotranslational (5)
might include the adaptation of codon selec-
tion along DNA (and hence. along correspon-
ding mENA) o a particular translation kinet-
1cs. Temporal separation of folding events
during protein synthesis on the ribosome
might thus avoid “unwanted” interactions
within the growing polypeptde. ensuring
high vield of the correctly folded protein.
Therefore, altered translation kinetics of a
defined mRNA due to, in particular, synony-
mous codon substitutions (which would not
alter the amino acid sequence of the encoded
polypeptide) might drive the in vivo folding
of the same polypeptide chain into differem
conformations (see the figure).

This hypothesis is very difficult w prove
using n vivo systems. because numerous
quality-control mechanisms exist o get rid of
incorrectly or abnormally folded and mis-
folded proteins (8). So Far, supporting experi-
mental data have been scarce, making the
findings of Kimchi-Sarfaty er al. particularly
important. The authors show that combina-
tions of the three previously known SNPs
for the MDRY gene (C1236T, G2677T, and
C3435T) alter P-glycoprotein activity. P-gly-
coprotein is a multiple-transmembrane pro-
tein pump that transports varnous drugs out of
cells, s funcrion can thus reduce the efficacy
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of chemotherapy reatmenms. Kimchi-Sarfaty
et af. found that P-glycoprotein inhibitors CsA
and verapamil were less effective against pro-
teins that were produced from haplotypes that
consist of the polvmorphic double (C1236T
G267TT, C1236T-C3435T, G26TTT-C3435T)
or triple (C1236T-G2677T-C 3435T) variant
combinations, suggesting that these protein
products have altered conformations. Yet,
CI1236T and C3435T polymorphisms do not
change the amino acid sequence of P-glveo-
protein, The C1236T polvmorphism changes
a GGC codon w GGT at amiano acid position
412 of the polypeptide (both encode glycine)
and the C3435T polvmorphism changes
ATC w ATT at position 11435 (both encode
1soleucing). However, both polymorphisms
result in changes from frequent to infrequent
codons and therefore may slow down the nibo-
some traffic at the corresponding mRMNA
regions, These alterations may thus affect the
cotranslational folding pathway of P-glyco-
protein, resulting in a different final confor-

mation, Limited proteolysis and the use of a
conformation-sensitive monoclonal antibody
indeed revealed structural differences bet-
ween the wild-type protein and the polymor-
phic haplotypes.

Artificial site-directed silent mutagenesis
of synonymous codons (changing from infre-
quent to frequent) in certain genes also sup-
port the hypothesis that altered translation
kinetics of mRENA might affect final protein
conformation (¥). However, until the study
by Kimchi=Sarfaty e af.. there had been no
example demonstranng that naturally occur-
I'IJ!:__'. vanations m .‘i}'l'.ll'll'ifn.'l'l'll'llilﬁ L'{'I-L1l'|]'|.‘\' iI'I. d
defined gene can give rise to a protein product
with the same amino acid sequence but dif-
ferent structural or functional features. By
demonsirating that this is indeed the case, the
study opens up a new avenue of research and
suggests that silemt SNPs might contribute to
development and progression of certain
diseases. IF this is the case, then silent SNPs
should not be neglected in determining the

PERSPECTIVES

likelihood of the development and progres-
ston of many diseases such as Alzheimer’s dis-
ease. myopia (a disease leading to a refractive
defect of the eve), and others that are strongly
linked to SMPs. This knowledge should also
be taken mnto account in personalized drug
treatment and development programs,
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ATMOSFHERES

The Jet-Stream Conundrum

Mark P. Baldwin, Peter B. Rhines, Huei-Ping Huang, Michael E. Mclntyre

el streams, or “jets” for brevity, are con-

centrated. mtense, elongated flows that

ofien contain most of the kinetic energy
i a Howing tluid. They are pervasive features
of Earth’s atmosphere and oceans, where they
transport heat, chemicals, and even biota such
as knill. and they are also abundant on other
planets (see the figure).

Jets are observed to occur spontaneously
on rotating planets whenever stratified aimo-
spheres or oceans are forced into turbulent
motion. Yet there is a mystery as o why jets
exist at all—why is there this propensity to
concentrate energy and momentum?’? A second
mystenious property of jets is that they can act
as flexible material barriers, inhibiting mixing
across ther axes. The strongest eastward jets

provide expressways for the transport of

chemicals and biota along their axes but
severely inhibit mixing across their axes. A
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new theoretical paradigm (/) explains the
abundance of jets, in any planetary atmos-
phere or ocean, in a simple manner. The para-
digm combines field theory with chaotic (tur-
bulent) Mluid motion: in doing so. 1t captures
long-range interactions that are crucial for
forming and stabilizing jets. It shows that mix-

Fluid jets occur in Earth's atmosphere and
oceans, and on other planets. A new theoretical
view of jets has helped reveal why they form and
how they interact with the surrounding fluid.

ing a fluid on a rotating planet will invariably
produce jets and that the two mystenes, jet for-
mation and the inhibition of mixing, formerly
regarded as two separate phenomena. are inti-
mately related to each other.

Both jet formation and the inhibition of
mixing are completely enigmatic in terms of

Jets near and far. (Left) Map of east-west current speeds at 400-m depth, simulated by an eddy-resolving
ocean model. Red and blue indicate eastward and westward flows. [Adapted from Richards et al. (11)]
(Right) Snapshot of a simulation for Jupiter, with red and blue indicating eastward and westward flows.

[Adapted fram Heimpel et al. (18)]
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standard wrbulence theory. In the standard
paradigm. a turbulent flow puts flud particles
into random walks that cause local mixing
everywhere. Mixing implies that any quantity
carried with the flow, such as a chemical
tracer. will eventually become uniformly
distributed. However, this contradicts the
observed inhibition of mixing across jet axes,
For example, the stratospheric polar night jet
has different chemical properties on either
side of the jet axis, thereby containing the
ozone hole (2). Furthermore, in the standard
paradigm. momentum is locally mixed like a
chemical tracer. If this were the case, jets
would immediately begin to dissipate,
again contradicting observation, One rea-
son for the persistence of jets is that there
are wave motions and long-range, nonlocal
interactions: the latter are not considered in
the standard paradigm. It is these long-
range interactions that are best understood
using field theory.

The new paradizm keeps the idea of mix-
ing but combines it with the long-range inter-
actions. All waves involve restoring forees like
those in an elastic medium. and they give rise
to subtle long-range effects—outside the
scope of the standard paradigm—including
long-range momentum transport by waves
(radiation stresses).

Also among the nonlocal effects are sim-
ple fields somewhat like the electrostatc field
of a positively charged atomic nucleus. An
atom in its ground state consists of the nucleus
and its electrostatic field. together with a
gquantum field described by Schroedinger’s
equation. The quanium field represents the
electron orbitals, which are carried along with
the atomic nucleus no matter how the nucleus
maoves, as long as it moves slowly enough.

The Nuid analog 1o the nuclear charge that
holds the atom together is a scalar field called
the potential vorticity (PV). PV is a unified
measure of actual or potential swirl or shear
(including planetary rotation) and is carried
with the flow like a chemical tracer (3).
Strong. compact PV anomalies carry with
them recognizable velocity, buoyancy, and
pressure Fields in the surrounding fluid. just as
atomic nuclei carry electron orbitals (again
provided that the motion is slow enough).
These structures are the famihiar pancake-like
vartices of eyelones and anticyelones, from
ordinary cyclonic depressions to Hurricane
Katrina and Jupiter’s Great Red Spot. Know-
ing the PV anomaly is enough to deduce the
entire vortex structure, just as knowing the
nuclear charge is enough to deduce the entire
atomic orbital structure, The deduction of the
vortex structure from the PV field is called PV
inversion (4). The new paradigm comes

from combining the wrbulence-theoretic
idea of mixing with the field-theoretic idea
of PV inversion and from giving the two
ideas an equal status,

Planetary rotation provides a vast reservoir
of PV, with a south-north gradient that enables
wave propagation. PV inversion allows us to
deduce the velocity field corresponding to
displacements of the fluid (and PV contours).
For example, the velocity field corresponding
to a large-scale east-wesl wave patlem causes
the wave (called a Rosshy wave) to propagate
westward. The PV contours therefore behave
somewhat like elastic bands, and it is this so-
called Rossby elastieity of the PV gradient that
supports the propagation of Rossby waves,

The key to understanding jets is that P\,
not momentum, tends to behave like a tracer,
It is therefore PV that is mixed when the
Muid becomes turbulent. Mixing weakens
the south-north PV gradients. reducing the
Rossby-wave elasticity and encouraging fur-
ther mixing. This positive feedback tends to
make the mixing spatially inhomogeneous.
Thus, strong mixing creates a profile in lati-
tude of alternating steep and weak PV gradi-
ents, called a PV staircase. This staircase cor-
responds (through PV inversion) to thin, fast
eastward jets located at the latitudes of the
stegpest PV gradients and strengthened elas-
ticity. Furthermore, the strengthened elastic-
ity there, together with the jet shear, strongly
inhibit mixing across the eastward jets (2. 3).
Thus. the new paradigm explains both jet for-
mation and the inhibition of mixing.

The new paradigm demonstrates how
a rotating planet can concentrate energy
and momentum into jets, with faster rotation
vielding not just one jet but several or many
(5-7). This scaling theory links the planet’s
radius, its rotation rate, and the turbulent
kinetic energy level of the fluid to the scale
and spacing of its jets. In accord with this
theory, Earth’s atmosphere has just one or
two jets per hemisphere. whereas Jupiter and
Earth’s oceans have many (see the figure),

Several new planetary flight missions
including NASA% Mars Reconnaissance
Orbiter. the European Space Agency’s Venus
Express, and NASAT planned Juno mission 1o
Jupiter—are poised to provide detailed obser-
vations of extraterrestrial atmospheres. These
observations are needed 1o understand, for
example, Jupiter’s Great Red Spot, which
owes its persistence to the surrounding jets
and Rosshy waves ().

Although the new paradigm helps us
understand the mystery of jet formation and
persistence, the emerging details of many

Jet=related phenomena in nature remain to be

fully explored. Earth’s atmospheric jets have

shifted poleward by abour 17 since 1979 (4),
with corresponding shifis in climate zones.
MNew data sets and high-resolution computer
simulations have revealed a previously un-
known set of mid-ocean jets ([0-11) (see
the figure) as well as velocity extremes
within the Antarctic Circumpolar Current
(429, The First hints of how Antarctic krill use
the circumpolar jets are emerging, promising
new insights into the life evele and food-
chain role of the knll (£33, 14).

There remain open questions with impor-
tant implications for climate prediction.
For example. the precise circumstances under
which PV stuireases form remains elusive. Quan-
titative predictions of devastating storms, of
thermohaline shutdown, and of dislocations in
ecosystems and in Earth’s heat balance also
require a more detailed understanding of jets.
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DEVELOPMENTAL BIOLOGY

The Mother of All Stem Cells?

Allan C. Spradling and Yixian Zheng

he stem cells that sustain metazoan ts-

sues face a difficult challenge. Each

time a stem cell divides—it can divide
indefinitely—it risks damage from errors in
the duplication and segregation of genetic and
cellular matenial that could stunt its vitality or
propel it toward a cancerous state. Normally,
each division must be asyvmmetric to ensure
that only one daughter cell differentiates, while
the other becomes a stem cell, thus renewing
the stem cell population. Yet stem cells safely
grow and divide many more times than other
cell types, including their own daughters. On
page 518 of this issue, Yamashita er al. ()
examine the role of one of the most fundamen-
tal cellular components in supporting stem
cell function—the centrosome. Centrosomes
organize the microtubule-rich mitotic spindle
that directs how chromosomes and other mate-
rials are distributed between daughter cells at
cell division {mitosis). The authors show that
male germline stem cells in the fruit fly
Dyosophila melanogaseer differentially posi-
tion their mother and daughter centrosomes
during mitosis. As part of this strategy. which
ensures asymmetric division, the stem cell
permanently retains the mother centrosome
across many cell divisions, raising the possibil-
ity that differential centrosomal inhentance is
essential to stem cell biology.

Unlike other knownanimal cell organelles,
the two centrosomes inherited by daughter
cells at division are not identical. All normal
cells initially have one centrosome, compris-
ing 4 mother and daughter centriole as well
as pencentriolar material. The mother cen-
triole contains structures and proteins that
are absent from the daughter centriole. and it
nucleates more microtubules than the daugh-
ter. During each cell division cycle, the centro-
some replicates. The mother centrosome
retains the onginal mother centriole. In con-
trast, the daughter cemtrosome undergoes mat-
uration during mitosis and during the G,
phase of the next cell division cyvele, convert-
ing its inherited daughter centriole into a new
maother centriole (2). Whether this intrinsic
asymmetry facilitates asymmetric stem cell
division has remained a mystery.

The authoss are in the Department of Embryology and
Howard Hughes Medical Institute, Carnegie Institution,
3520 San Martin Drive, Baltimore, MD 21218, USA,
E-mail: spradling@ciwemb.edy
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Yamashita ef al, took advantage of centro-
somal asymmetry to follow the fates of mother
and daughter centrosomes during germline
stem cell division in the testis of Drosophila,
These germline stem cells, which give rise to
sperm, have already divided 12 or more times
when they become established in their niche,
adjacent to stromal cells knewn as the hub (see
the figure). Germline stem cells complete as
many as 30 additional cell cveles over the Life
of the animal. each time sustaining themselves
while producing one non-stem cell daughter,
the gonialblast. Each gonialblast divides just
six times before differentiating.

The authors genetically engineered lies
to produce a centrosomal protein, known as
PACT, tagged with green fluorescent protein.
By inducing the expression of this fluorescent
protein at different times, they could selec-

Stromal eell {(hub)
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Partitioning of centrosomes during division of
Drosophila germline stem cells may help keep
one daughter as a stem cell and move the other
toward differentiation.

the hub, a mechanism that facilitates the proper
specification of their daughters ( 3). Because
one centrosome retains its hub proximity while
the other moves to the opposite side of the cell,
assembly of a mitotic spindle is always perpen-
dicularto the hub. Asa result. after cell division,
one of the daughter cells remains associated
with the hub and receives signals from the hub
to remain a stem cell. Meanwhile, the hub-
distal daughter cell moves away from the niche
and initiates gonialblast differentiation. Yama-
shita e @/, show that the hub-proximal mother
centrosome is associated with robust micro-
tubules during interphase (the nondividing
stage) and that some of these microtubules
extend to the adherens junctions that connect
the stem cell to hub cells. These microtubules
may firmly tether the mother centrosome to the
hub. ensuring the proper orientation of stem

—
"'_"'-—_.....-——'l

4

in the niche

This daughter stem cell leaves

the niche ta become §

"

Gomial blast

Centrosome inheritance and daughter cell fate. During the division of a germline stem cell in the
Drosophila testis, the mother centrosome remains adjacent to the hub, The greater microtubule nucleating
capacity of the mother centrosome probably stabilizes its association with the adherens junction, facilitating

stem cell function,

tively label either mother or daughter centro-
somes, Mother centrosomes were almost
always located near the hub, which ensured
that after mitosis they would be inherited by
the daughter that remains in the niche and
remains a stem cell. Daughter centrosomes,
on the other hand, always migrated to the
opposite end of the stem cell and were inher-
ited by the daughter cell destined to become a
vonialblast. Thus, germline stem cells retain
their mother centrosome from the time they
first enter their niche.

What advamage might such  strategy con-
fier on the stem cell”? The most likely answer is
to help control the orientation of cell divisions,
Germline stem cells in the Drosophila testis
position their mitotic spindles at right angles 1o

cell division as well as the stem cell-specific
inheritance of the mother centrosome.

Studies of other asymmetrically dividing
cells suggest possible additional roles for pro-
grammed centrosome inheritance in stem
cells. Aside from their participation in spindle
assembly, centrosomes associate with mem-
brane-bound organelles such as the Golgi and
recyveling endosomes, Centrosomes also regu-
late cytokinesis by delivering membranes
asymmetrically to the cleavage furrow (4, 3).
Thus, differential centrosome inheritance
might contribute 1o stem cell maintenance and
daughter cell programming by partitioning
membrane-bound organelles and signal-
ing molecules asymmetnically between the
sermline stem cell and gonialblast. Indeed,
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asymmetric segregation of cell fae determi-
mants through recveling endosomes has been
implicated in specifying cell fate in the devel-
oping Drosophila nervous system (5). The
mother centrosome might also act as a basal
body that nucleates a primary cilium, at least
in mammalian stem cells (4). Primary cilia
can serve as signaling organelles (7) and
might provide a means for stem cells to com-
municate with their niche and to receive a
maintenance signal.

Could retention of the mother centrosome
contribute 1o stem cell longevity as well as to
developmental programming? The most rele-
vant iformation comes from studies of asym-
metric cell division in the budding veast
Saccharomyvees cerevisiae, Mother cells have a
lower replicative potential than buds they pro-
duce. and selectively retain damaged mole-
cules (4, ¥). Imerestingly, the fungal counter-

part of the mother centrosome, the mother
spindle pole body. 15 selectively inhented by
the bud (/). By inheriting mother centro-
somes, stem cells may likewise use the robust
microtubule array o repel molecules that pro-
mote replicative senescence. However. in
veuast, other types of damage, such as chromo-
some breaks that cause loss of heterozygosity,
accumulare preferentially in the bud (/). 5o
the importance of maternal centrosome inher-
itance in promoting longevity remains unclear.

Is differential centrosome inheritance the
long-sought secret of stem cell. function? It
should now be possible wo determine whether
maternal centrosomes are retained by several
other well-characterized Drosophila stem cells,
In male germline stem cells. such behavior
seems likely to contribute to the stable asym-
meetric programming of stem cell and daughter.
And ivis satisfying o comemplate the possibil-

ity that this strategy might also promote stem
cells” remarkable stability and longevity.
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Single-Molecule Catalysis

lan Smith

o some. the word catalysis conjures
up images of large-scale industrial
processes. For example. the Haber
process, discovered about 100 years ago,
makes use of supported iron catalysts to
speed up the conversion of nitrogen and
hydrogen to ammoma at moderate tempera-
tures. Worldwide, this process is responsible
fior the annual manufacture of more than 100
million metric tons of ammonia (/). In con-
trast, the paper by Vohringer-Martines et al,
on page 497 of this issue (2) addresses a fun-
damental question: Can single molecules
serve as catalysts? That 1s. can individual
molecules accelerate chemical reactions?
This question 1s best answered by expen-
ments in the gas phase, where the overall
reaction comprises a series of elementary
reactions. each involving a small number of
molecules. One well-known example is
the catalytic destruction of ozone in the upper
atmosphere by species such as halogen atoms,
nitric oxide, and hydroxyl radicals (3). These
species (X) participate in chain reactions
(X+0,—2XO+0,and XO+0 = X+0,),
whose neteffect isto speed up the conversion
of "odd oxygen™ (0 atoms and O; molecules)
to dioxygen O,, thereby lowering the amount

The author is in the University Chemical Laboratory,
Lensfield Road, Cambridge CB2 1EW, UK. E-mail: i.w.m,
smith@ bham.acuk

of ozone present in the stratosphere.

This destruction of ozone can be thought
of as an example of homogeneous catalysis
(the catalyst is in the same phase as the reac-
tants), familiar in reactions in solution. By
contrast, Vohringer-Martinez er af. provide
an example of gas-phase catalysis more akin
to heterogeneous catalysis. Thev report that
the reaction between hydroxyl radicals and

Catalysis by single water i
molecules. Energy pro-
files for (A) reactions be- A
tween hydrowyl radicals
and “bare” acetaldehyde
molecules (the “higher
road” traced in blue) and
(B} reactions between
hydroxyl radicals and
acetaldehyde molecules
that are associated with
single molecules of water
ithe “lower road” traced
in green). The horizontal
lines show maxima and
minima along the reac-
tion path of minimum
energy, with energy dif-

Energy

A single water molecule can act as a catalystin a
gas-phase reaction by forming a complex with a
reactant that reacts faster than the “bare” reactant.

acetaldehyde. OH + CH;CHO — H,0 +
CH,0, is accelerated by the participation of
single molecules of water. They argue con-
vincingly that this is because hydrogen-
bonded complexes of CH,CHO and H,0
form and that these complexes react faster
with OH radicals than do individual mole-
cules of CH,CHO. The binding to water 1s
thus analogous to binding to a surface in

ferences given in k) mol™.
The arrows are used to

Reaction coordinate

indicate that an pathway B all the reactive flux that reaches the minimum associated with the prereaction
complex passes through the inner transition state and becomes products, whereas on pathway A some of this
flux is reflected at the inner transition state, reducing the reaction rate. The cartoons show the structures at
the maxima and minima, in most cases of hydrogen-bonded complexes. More details are given in (2).
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heterogencous catalysis, Their experiments
make use of gas mixtures cooled to several
different temperatures, as low as 58 K, by
expansion through a convergent-divergent
“Laval” nozele ( 4). Information about the rate
of reaction 15 then obtained by a standard
method: OH radicals are generated by pulsed
laser photolysis of hydrogen peroxide, and
the rate of their reactive loss is measured with
the use of a second laser that induces the OH
radicals to fluoresce. The decrease in the flu-
orescence signal as the time delay between
the two laser pulses is increased provides
information about the reaction rate. Adding
water to the expanded gas increases the rate
of loss of OH, especially at the lowest temper-
atures of the experiments.

The interpretation of the experiments—
that the reaction between OH radicals and
hydrogen-bonded complexes of acetaldehyde
with water is faster than that between OH radi-
cals and “bare™ acetaldehyde molecules—is
supported by First-principles quantum chemi-
cal calculations. Even for reactions with
uncomplexed CH,CHO, there is no energy
barrier on the pathway from reactants to prod-
uets; that is, there is no configuration that the
reaction must pass through that has a higher
energy than that of the initially separated reac-
tants. But there 15 a “submerged barrier” or
“reef.” As for an increasing number of fast ele-
mentary reactions, the ideas of transition state
theory must be applied rather subtly (3). There
are, in effect, two transition states: an “outer”
one that leads into a shallow well on the enerzy
pathway (corresponding to a prereaction com-
plex). followed by an “inner” transition state
with an energy lower than that of the separated
reactants but higher than that of the well {see
the figure), The imner transition state serves as
the true “bottlencck™ 1o reaction because the
internal quantum states at this configuration are
more widely spaced than those for the outer tran-
or, equivalently, 1t represents a free
energy maximum along the reaction pathway,

Quantum chemical calculations show that
H,O forms a complex with CH;CHO bonded
by 17.6 kJ mol™, through two hydrogen bonds.
Interaction of this complex with an OH radical
forms a further hydrogen bond. so that the
energy of this tertiary prereaction complex is
44.6 kI mol™ below fully separated CH,CHO
+H,0+OH and 27 kJ mol™ lower than the
energy of CH;CHO---H,0+ OH. The prereac-
tion complex can then convert to products,
2H,0 -+ CH,O, through an almost energetically
equivalent transition state (see the figure).

The combined experimental and theoret-

siton state

cal arcuments about the relative reactivity of

CH,CHO and CH,;CHO---H,0 toward OH
radicals are convincing. However, it is not yet

www.sciencemag.org SCIENCE VOL 315

possible w put a figure on the extent of the
acceleration of the reaction caused by the sin-
gle water molecule acting as a catalyst. To
convert the measured phenomenological rate
constants for reaction into rate constants for
reaction of OH with CH,CHO---H,0, one
needs to know the concentration of the com-
plexes present in the experiments, Two diffi-
culties arise. First, it is not €asy 10 measure
these concentrations, for example by infrared
spectroscopy, In the environment of the jet.
Second, it is not easy to estimate the concen-
trations. especially as these may depend on the
kinetics of the CH,CHO + H,0 association.
not just the thermodynamics of this process.
Interesting as these results are, an impor-
tant question is whether they have any rele-
vance to atmospheric chemistry. Aldehydes
anise in the roposphere during the atmospheric
oxidation of hydrocarbons: ethane oxidizes
acetaldehyde. The lifetimes of both ethane and

PERSPECTIVES

acetaldehyde (6), determined by their reaction
with OH radicals, are short, so atmospheric
acetaldehyde is found chiefly at low altitudes
where the average temperature is around 288
K. Evenat 100% relative humidity. the equilib-
rium fraction of acetaldehyde complexed with
water is likely to be very small, and therefore
the acceleration of the OH + CH,CHO reac-
tion will probably be minimal.
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GEOPHYSICS

Mediating Plate Convergence

Herb Dragert

Movement of Earth's tectonic plates generates low-frequency seismic events. These events are not
background noise, but represent slower and deeper earthguakes.

ith improvements in the technol-

ogy and density of networks used

to monitor seismicity and crustal
deformation. Earth scientisis are discovering
a rich spectrum of rupture phenomena deep
within subduction zones. These zones are
where Earth’s crustal plates collide, resulting
in one plate moving underneath the other and
eventually re-entering the upper mantle.

A recently discovered phenomenon called
“gpisodic tremor and slip™ (ETS) involves
small crustal motions over penods of days to
weeks. The direction of motion is in the same
sense as plate convergence and often these
motions propagate along the coastal margin,
The slip episodes repeat at intervals of months
to years, accompanied by distinet seismic
tremors whose records look more like back-
ground noise than earthquakes. Although the
processes involved are not fully understood,
researchers have identified this plate-bound-
ary behavior along the Cascadia Subduction
Zone in the Pacific Northwest (/) and the
Mankai Subduction Zone off the eastern coast

The author is at the Geological Survey of Canada, Pacific
Geoscience Centre, Sidney, British Columbia VBL 4B2,
Canada. E-mail: hdragen@nrcan.ge. ca

of southwest Japan (2). On page 503 of this
issue (3). lto er al. show that ETS is also
marked by the occurrence of very-low-
frequency (VLF) earthquakes. This adds vet
another piece to the puzzle of contemporary
deeper plate dyvnamics.

As seen in the great Sumatra-Andaman
earthquake of 2004 (4). the most awesome tec-
tonic characteristic of the worlds subduction
zones 15 the repeated occurrence ol great thrust
carthgquakes. Although the average recurrence
intervals for these devastating temblors are
direetly related wo plate convergence rates, the
nature of the stress buildup that culminates in
these large fault ruptures is not well known,
Scientists agree that it is the inexorable aseis-
mic plate motions (1L.e.. motions without earth-
quakes) at depth that increase stress on the
overlying locked portion of the fault that will
ultimately be relieved by a great earthquake.
Until recently. it was assumed that this deep
aseismic ship or ductile shearing between
plates oceurred at a uniform speed. The ob-
servation of small (<3 mm) systematic sur-
face displacements at continuous Global Pos-
iioning System (GPS) stations over a period
of several weeks led to the discovery of a
“silent slip event”™ on the Cascadia Subduction
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Zone (5). This study established that
distinct episodes of aseismic shp of
a few centimeters can occur on the
deeper plate interface immediately
downdip from a completely locked
plate boundary, unrelated to any local
earthquake activity.

A reexamination of all available
regional continuous GPS data over
the past decade showed that such slip
evenis have occurred repeatedly along
the northern Cascadia margin and
with surprising regularity (6). Al-
though these slip events can be
maodeled by simple dislocations in an
elastic medium, the physical processes
involved in this dyvnamic behavior
on the deeper plate interface are not
well understood.

Another key insight imo real-time
dynamics of convergent plate bound-
aries was established by the discovery
of a “nomvolcanic deep tremor™ along
the Nankai Subduction Zone ( 7). Data
from the National Research Institute
for Earth Science and Disaster Pre-
vention’s (NIED) high-sensitivity seis-
mograph network (Hi-net) enabled
the identification of small-amplitude
selsmic tremors that lasted froma few
minutes to a few days, with predominant fre-
quencies ranging from 1 to 10 Hz and source
depths averaging about 30 km. From the loca-
tion. duration, and mobility of the tremoractiv-

ity, it was surmised that the generation of
tremors may be related to the movement of

fluids originating from the dehvdration
of metabasals in the subducting oceanic crust,
or triggered by the addition of fluids o acnt-
cally stressed medium, or perhaps triggered by
nearby earthquake activity. [t was not until the
study of Cascadia tremors ( /) that the intimate
relationship between tremors and episodic
plate slip was established. These tremors were
found to be wdentical to those observed in
Japan, and they oceurred predominantly at
times of episodes of slip.

In subsequent examination of tili changes
recorded by Hi-net accelerometers, it was dis-
covered that the previously identified tremor
episodes in southwestern Japan were indeed
accompanied by crustal displacements attrib-
utable to deep plate slip (2). Although no clear
mechanisms for tremor generation were estab-
lished, the similarity of the ETS phenomena
occurring in both the Mankai and Cascadia
regions points to an ongoing plate dynamic
process common to young subduction zones.

The findings of o er @, reveal that VLF

earthquakes may be another key aspect of

episodic plate slip at depth, at least for south-

* Microcrack generating deep low-frequency tremor
o Patch of VIF earthguake

() Asperity of megathrust sarthgquake

Fault segment of slow slip event

== Deap low-requency tremar and slow slip migration

Weak faults, slow slip, and low-frequency earthquakes.
The way stress is released at convergent plate boundaries is
governed by the distribution of fluids or high pore pressures,
and by the mean size of stronger, fluid-poor asperities. The
shallow portion of the subducting plate interface is fluid-poor
and has large, strong asperities thatl rupture in great earth-
quakes, The deeper plate interface, hot and fluid-rich, allows
continuous aseismic plate motion. The transition zone between
these two regions marks a heterogengous, time-dependent
mixture of fluid-rich material and small-scale brittle asperities
that gives rise to episodes of ETS and VLF earthquakes.
[Adapted from Ito et al. (3)]

western Japan so far. The authors characterize

these VLF earthquakes by a distingt lack of

high-frequency components (2 to 8 Hz) rela-
tive to similar-magnitude ordinary earth-
quakes, and by signals that are predominantly
body waves. Because the seismicity due to
VLF earthquakes accompanies and migrates
with the deep low-frequency tremors and slip
events, and because the spectral content for
VLF events suggests a rupture duration on the
order of 10 s, the authors propose a “contin-
uum” model of slip processes in the transition
zone of the plate interface (see the figure).

In this model, the ransition zone consists
primarily of weakly coupled fault areas that
are subject to episodic aseismic slip that
oceurs over days to weeks during one epi-
sode. However. there are numerous small,
slightly stronger patches that rupture in VLF
events in response to increased shear stress
caused by slow slip in the surrounding mate-
rial. The limited size of these patches, along
with the presence of high pore-fluid pressure,
characterize the VLF earthquake and its
rupture duration. Tremors are attributed to
“microcracking” within the transition zone
over source sizes and rupture times much
smaller than those for VLF earthquakes.

This model is aesthetically pleasing in its
simplicity: The nature of the slip and the stress
release is ultimately dependent on the distribu-

tion of fluids and their pore pressures, The
regions of the subduction zone where great
thrust (i.e., megathrust) earthquakes occur are
characterized by a paucity of fluids and/or low
pore-fluid pressures, resulting in very large.
brittle aspenties that rupture in great earth-
quakes every hundred years or so. The deeper
regions of the convergent plate interface,
where high temperatures (=3507C) and abun-
dant free fluids render materials plastic, are
characterized by continuous aseismic plate
motions, The transition region between these
two is characterized by spatial and temporal
asperities in Muid content and pore-fluid pres-
sures, leading to the phenomena of episodic
slow slip events accompanied by VLF earth-
quakes and deep tremors.

Can the extensive depth distribution of
tremors observed in Cascadia (&) be ac-
commaodated within this framework? What
determines the recurrence intervals for slow
slip events, and how are they dependent
on plate convergence rates, plate age. and
external stress triggers” Basically, what are
the necessary and sufficient conditions for
episodic tremor, slow slip, and these deep
VLF earthquakes? Perhaps the most impor-
tant question concerns the relationship of
these phenomena to present-day regional
seismicity. It is clear that episodes of deep
slip will modulate the rate of stress accumu-
lation on the locked portion of the plae
interface, thereby modulating the cumula-
tive probability (and conceivably acting asa
trigger) for great subduction thrust earth-
quakes (¥). But what about earthquakes
occurring within the subducting slab and
the overlving crust? Does the stress release
from these more subtle and benign plate-
slip phenomena influence the location
and timing of regional seismicity? Under-
standing these relationships could provide
solid underpinnings for earthquake fore-
casting in subduction zones,
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ASSOCIATION AFFAIRS

Baltimore: Time for Scientists
to Take Role in Public Life

I the MNobel Prize is supposed to be the crown-
ing achievement of a scientific career, someone
forgot 1o tell David Baltimore. After sharing the

1973 Prize in Medicine for the discovery of

reverse transcriptase at age 37, Baltimore has
published more than 600 papers, including
seminal research on the geneties of cancer, the
workings of the HIV
virus and AIDS vaceine
candidates, and funda-
mental observations in
molecular immunology.
He was a founder of the
Whitehead Institute for
Biomedical Research,
president of Rockefeller
University and the Cal-
ifornia Institute of
Technology, and a lead-
ing figure in national
policy commissions on
recombinant DNA and AIDS research.

“Much of my life since the Prize has been
taken up with doing science,” Balimore said. As
he assumcs the presidency of AAAS in February,
he wants to remind the public that “science isthe
driving force™ of all modern life, not just his own,

Its an dea Balimore thinks has been lost in
the elassroom and Congress in recent vears.,
“With science feeling nsell under attack from
various sides, iUs never been a more important
time lor scientists to take a role in public
life. . .and there is hardly any other organization
that can speak as broadly for science as AAAS”
he noted in a recent interview,

Schools are one place where “increasing
skepticism about rational thinking™ has placed
science under sicge, according to Baltimore. In
his candidacy statement, he said, “Raising chil-
dren who do not know that life and our planct
evolved over 4.5 billion vears of change and
development hamstrings them from participat-
ing in modern life”

Baltimore wants AAAS to continue its
strong support of science education from
kindergarten to college, noting that it has
alrcady had much suceess with curriculum and
science eracy programs such as Project 2061
and outreach at the AAAS Annual Mecting.

AAAS should remind its members that
“there is an opportunity for every scientist to be

David Baltimare

involved with a local school board” providing
curriculum advice and helping teachers

understand “the experimental nature of

science,” Baltimore said.

Throughout his carcer, Baltimore has
plaved a key role in creating national science
policy, as an organizer of the 1975 Asilomar
that set
standards for recombi-
nant DNA iechnology,
as cochair of the 1986

Conference

Sciences Commitlee on
a National Straiegy for
ALDS, and head of the

Health AIDS Vaccine
Rescarch Commuttee in
1996, He received the

1999 Nanonal Medal of

Science in part for his
work on AIDS rescarch policy.

Baltimore has been outspoken about what
he sees as government ¢fforts to distort and sup-
press sciemtilic research. and he thinks that
AMAAS has arole to play in Nghting this trend as
well, AAASS congressional testimony and sci-
ence issuc bricfings for new members of Con-
gress by the AAAS Center for Science, Tech-

necessary place in national policy, he said.

Mational Academy of

Mational Institutes of

In particular, the controversy over federal
funding for embryvonic stem cell research has
cast a shadow over America’s labs, Baltimore
sand, noting that his own graduate students have
been wary about funding woes in their future,

“IUs unigue inmy experience in science that
the government has put shackles on a certamn
kind of research. We've never had a richer set of
opportunities put in front of any scientists than
the opportunities put in front of biologists
today, vet there is a pervasive sense of being
abandoned by the National Institutes of
Health,” he said.

Baltimore stepped down as Caltech pres-
ident last September, bul continues as
Robert Andrews Millikan Professor ol Biol-
oy and head of the Balumore Lab at the uni-
versity. His current research, supported by a
S13.9-million grant from the Gates Founda-
tion, is looking for ways 1o genetically boosi
the immune system against infectious
pathogens., particularly HIV

Balimore laughed when asked if he had ever
ervisioned himsell as an international advocate
and spokesperson for science nthe early days of
his carcer. “No, | was just a lab rat and loving n.
I've sort of grown into this as a consequence of
my interest in nstitutions,”™

Baltimore will succeed the current presi-
dent. John P2 Holdren. at the close of the 2007
Annual Mecting on 19 February, Holdren will
become chair of the AAAS board, as Gilbert
S. Omenn steps down as chair. James J.
McCarthy has been elected to succeed Balu-
more as president-clect. McCarthy is the
Alexander Agassiz Professor of Biological
Oecanography at Harvard University.

— Becky Ham

AAAS
Call for Nomination of AAAS Fellows

AAAS Fellows who are current members of the Association are invited to nominate members for elec-
tion as Fellows. A Fellow is defined as “a Member whose efforts on behalf of the advancement of si-
ence or its applications are scientifically or socially distinguished.” A nomination must be sponsored
by three AAAS Fellows, two of whom must have no affiliation with the nominee's institution,

Nominations undergo review by the Steering Groups of the Association’s sections (the Chair,
Chair-Elect, Retiring Chair, Secrelary, and four Members-at-Large of each section). Each Steering
Group reviews only those nominations designated for its section. Mames of Fellow nominees who are
approved by the Steering Groups are presented to the AAAS Council for election,

Nominations with complete documentation must be received by 11 May 2007. Nominations
received after that date will be held for the following year. The nomination form and a list of current
AAAS Fellows can be found on the AAAS Web site at www.aaas.org/aboutaaas/fellows. To request a
hard copy of the nomination form, please contact Ellen Carpenter at the AAAS Execulive Office,
1200 New York Ave., NW., Washington, DC, 20005, at 202-326-6635, or at ecarpent@aaas.org.
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HUMAMN RIGHTS

AAAS Expands Human
Rights “Eye in the Sky”

Adter a successful yvearlong pilot program,
AAAS will dramatically expand its use of
powerlul satellite imagery and related tech-
nologies 1o help investigate international
reports of human rights violations with anew
J-year, STOO000 grant from the John D and
Cathenne T. MacArthur Foundmion.

During the pilot project. AAAS, in
parinership with other organizations, used
geospatial technologies to document
human rights violations around the world,
including in the Darfur region of Sudan,
Burma, and Zimbabwe.

With the new grant, the Science and Human
Rights program will expand upon 11s 2005 -2006
pilot project with a new emphasis on taloring its
activities 1o the priorities of intenzovernmental
organizations and courts like the International
Criminal Court and the African Court on Human
and Peoples” Rights,

“This grant is extremely exciting because it
will allow us to develop the Tirst steps of a
worldwide information system using advanced
technologies that should help prevent human
rights violations before they accelerate,” said
Lars Bromley, scnior program associate in the
AAAS Oice of Imemational Infiatives.

In late May 2006, AAAS released its first
human rghts report, in parnership with Amnesty
International and the Zimbabwe Lawvers for
Human Righis, 1o rely on saicllite imagery.

The repont presented evidence that the gov-
ernment of Zimbabwe had destroved entire
settlements, including the town of Porta Farm,
forcing thousands of residents to flee their
homes. Reports on the Zimbabwean satellie
imagery were published in several outlets,
mcluding the Washington Times, National
Public Radio, the Guardian, and Reuters.

“With a global reach and reputation for inde-
pendence, human rights organizations are able
to sound the alarm and mobilize millions
quickly, often before governments or the imer-
national community have even admitted there is
a problem,” said Anela Blitter, director of the
Crisis Prevention & Response Center atl

Amnesty International USA, a pariner of

AAASS Science and Human Righis program,

Since 1978, the MacArthur Foundation has
provided support to advance human rights
arcund the world, with a special intercst in inne-
vative uses of technodogy that advance s grant-
making goals. The foundation’s November 20605
pilot grant of 1 10LOG 10 AAAS was used o
help international organizations, government
agencies, and nongovernmental organizations
(NGOs) rapidly collect, evaluate, and distribute
information about human rights violations
using geospatial technologies.

Within the past yvear, NGOs suchas Amnesty
International, the U.S. Committee for Human
Rights in North Korea, and the US, Campaign
for Burma have worked with AAAS o merge
high-resolution satellite imagery with geo-
graphic nformation systems and human imelh-
gence 1o raise public awareness and alert gov-
ernments, media outlets, and others abow
human right vielatons.

While the overall price of new satellite
imagery and powerful compuiers o analyzc the
Mindings has recently fallen. AAAS has received
other grants from a variety ol organizations.,
including an award of 530,000 from the Open
Society Institute for monitoring in the Karen
State of Burma. A report on Burma will be
released later this year, as will reponts on Darlur
and elsewhere.

In addinon to gathering and analyeing the
images from companics like DigitalGlobe and
Geokve, SHE. plans 1o use the grant money 1o

Before and after satellite images of Bir Kedouas, Chad, burned duning an attack in December 2005 by Janjaweed
militants in the Darfur conflict.

develop an outreach program through Web sites,
workshops, meetings, and correspondence with
organizations that have expertise applicable o
human rights projects.

AAAS has been a ploneer in bringing sci-
ence and technology to bear on international
human rights 1ssues with regular reports and
workshops sponsored by 115 Science and
Human Rights program. The program also
supporis scientisis whose human righis are
threatened. through the AAAS Human Rights
Action Network.

In January 2006, the network coordinated an
appeal to the government of Guatemala to pro-

tect Fredy Peccerelli, executive director of

Guatemalan Forensic Anthropology Founda-
tion, who had receved death threats against him
and his family for his efforis to locate and
exhume mass graves from the country s bloody
civil war.

Benjamin Somers

ANNUAL MEETING
Sustainability from All Sides

The AAAS Annual Meeting stands apart from other scientific gatherings in its emphasis on the
connection between science and society, a critical crossroads that is explored in depth with this
year's theme of "Science and Technology for Sustainable Well-Being.”

At the 173rd Annual Meeting in San Francisco next month, scientists, journalists, and the pub-
lic can explore the idea of sustainability across a wide number of disciplines, from climate-change
science and the future of the oceans to the politics of energy reserves, endangered

languages, and environmental justice.

In his invitation to the conference, AAAS President John
Holdren said, “The character of the challenges to the human
condition—energy, water, health, climate, security,
development, and more” are best tackled by AAAS's

interdisciplinary approach.

For the first time this year, a AAAS Annual Meeting
blog [http://news.aaas.org | will provide extensive cover-
age from San Francisco, featuring reports and podcasts
from the staff of Science and ScienceNOW, AAAS's award-
winning Science Update radio program, and AAAS's wrilers,
along with links to U.5. and international news coverage of

the meeting.
— Becky Ham
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Results of the 2006 Election of AAAS Officers

Following are the results of the 2006 election. Terms begin on 20 February 2007.

General Offices

President-Elect: James |. McCarthy

Board of Directors: Cherry Murray, Linda P.B. Katehi
Committee on Nominations: Rita R. Colwell, Jane
Lubchenco, Floyd E. Bloom, Mary L. Good

Section on Agriculture, Food,

and Renewable Resources

Chair-Elect: Roger M. Beachy

Member-ai-Large: Charles ). Amtzen

Electorate Nominaling Committee: Sally A. Mackenzie,
Richard A. Dixon

Section on Anthropology

Chair-Elect: Eugenie C. Scott

Member-al-Large; Leslie C. Aiello

Electorate Nominating Committee: G. Phillip
Rightmire, Payson Sheets

Council Delegate: Michael A Little

Section on Astronomy

Chair-Elect: Jill Comell Tarter

Member-at-Large: Carey Michael Lisse

Electorate Nominating Committee: Alan Marscher,
Heidi Mewberg

Council Delegate: Heidi B. Hammel

Section on Atmospheric and Hydrospheric
Sciences

Chair-Elect: Anne M. Thompson

Member-at-Large: Peter H. Gleick

Electorate Nominating Committee: Jennifer A.
Francis, Patricia Quinn

Section on Biological Sciences

Chair-Elect: Mariana Wolfner

Member-ot-Large: Yolanda P. Cruz

Electorate Nominating Committee: Kate Barald,
Joel Huberman

Council Defegates: Brenda Bass, Nancy Beckage,
Johanna Schmitt, Catherine Krull, Michael Cox, Rob
Steele, Toby Kellogg, David Queller, Diane Shakes

Section on Chemistry

Chair-Elect: Wayne L. Gladfelter

Member-at-Large: Dennis A. Dougherty

Electorate Nominating Committee: Linda C. Hsieh-
Wilson, Gregory C. Fu

Council Defegates: C. Bradley Moore, Jon Clardy,
Nicholas Winograd

Section on Dentistry and Oral Health
Sciences

Chair-Elect: Mary MacDougall

Member-at-Large: Paul H. Krebsbach

Electorate Nominating Committee: Luisa Ann
DiPietro, Ichiro Nishimura

Section on Education

Chair-Elect; George D, Nelson

Member-at-Large: Gerald Wheeler

Electorate Nominating Commitiee: Cathryn
A, Manduca, Carlo Parravano

Section on Engineering

Chair-Elect: Priscilla P. Melson

Member-at-Large: Debbie A, Niemeier

Electorate Nominating Committee: Melba M.
Crawford, Rafael L. Bras

Section on General Interest in Science and
Engineering

Chair-Elect: Barbara Gastel

Member-al-Large: Lynne Timpani Friedmann
Electorate Nominating Commitiee: Don M. |ordan,
Susan Pschorr

Section on Geology and Geography
Chair-Elect: Victor R. Baker

Member-at-Large: Lonnie G. Thompson

Electorate Nominaling Commiltee: Neil D. Opdyke,
Sherilyn C. Fritz

Council Delegate: Douglas |. Sherman

Section on History and Philosophy of Science
Chair-Elect: Thomas Nickles

Member-at-Large: Karen A. Rader

Electorate Nominating Committee: Kathryn M.
Olesko, Richard M. Burian

Section on Industrial Science and Technology
Chair-Elect: Stan Bull

Member-at-Large: Thom Mason
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Recombination and the Nature
of Bacterial Speciation

Christophe Fraser,* William P. Hanage, Brian G. Spratt

Genetic surveys reveal the diversity of bacteria and lead to the questioning of species concepts
used to categorize bacteria. One difficulty in defining bacterial species arises from the high rates of
recombination that results in the transfer of DNA between relatively distantly related bacteria.
Barriers to this process, which could be used to define species naturally, are not apparent. Here,
we review conceptual models of bacterial speciation and describe our computer simulations of
speciation. Our findings suggest that the rate of recombination and its relation to genetic
divergence have a strong influence on outcomes. We propose that a distinction be made
between clonal divergence and sexual speciation. Hence, to make sense of bacterial diversity,

we need data not only from genetic surveys but also from experimental determination of selection
pressures and recombination rates and from theoretical models.

acteria are promiscuous. They ofien live

in environments with an abundant diver-

sity of donor DNA. and studics of the
genomes of members ol the same, or similar,
species indicate the dynamic nature of gene
acquisition, loss, and transfer (/). It is probably
possible, through a series ol intenmediates and
vectors, 1o transler genes between any two bae-
teria. Besides the illegitimate recombinational
process that leads o gene acquisition from dis-
antly related sources, there is convineing evi-
dence that homologous recombination may
frequently replace small regions of the genome

ol a bacterium with those Trom other members of

the same species or from closely related specics
{2). The mie of homologous recombination varies
ereatly. In some species it appears 1o be rare and
leads o the evolution of distinet clonal lineages,
whercas in others these localized recombinational
imports arise much more frequently than muta-
tions (). In recent years, extensive homologous
recombination has been shown 1o be so wide-
spread that it may be regarded as the nomm rather
than the exception,

Nonetheless, surveys of genetic diversity in
the bacterial kingdom are revealing that, far from
a continuum mediated by promiscuous gene ex-
change, bacteria scem to form clusiers of genet-
ically related strains (specics), at least for those
enera studied so far (4-6). There is thus uncer-
tainty regarding the nature of bacterial speciation
and the influence that homologous recombina-
Lon exeris upon it (7).

COne proposition is that speciation (by which
we mean the generation of permanently distinct
clusters of closely related bacteria) could anse,
not because of fundamental ecological con-
stmints or geographic separtion but rther as a

Department of Infectious Disease Epidemiology, Imperial
College London, London W2 1PG, UK,

*To whom correspondence should be addressed. E-mail:
cfraser@imperial.ac.uk

consequence of recombination failing more
frequently between DNA sequences that are
different than between those that are similar
(510, In experimental studies of recombina-
tion in bacteria from widely dillering genera. a
consistent pattern of decline in the recombina-
tion rate as a function of genetic distance has
been observed (Fig. 1A) (1) This ellect has
been shown 1o be associated with the vanous
mechanisms that detect the sequence similanties
between donor and recipient DNA, prncipally
MutS-mediated mismatch repair and RecA-
mediated recombination (J2-74). RecA 15 in-
volved m imitiating recombination  between
donor and recipient DNA and 15 thus essential
for recombination, whereas MwiS inhibits re-
combination between mismatched sequences.
One mechanism that has received  particular
attention is the requirement of RecA for mini-
mally efficient processing segments (MEPS),
which are shont regions ol sequence identity
located at either end of the donor DNA strand
and hypothesized w0 be required for recombina-
tion o occur ( £.5). This mechanism can generate
the general relationship seen in Fig. 1A and pro-

vides a corroborative cstimate for the kength of

MEPS ol between 20 and 30 basc pairs (bph ( 16).
Whatever mechanism underlics the decline in
recombination with increasing sequence diver-
genee, this relationship results in constrainis on
recombination that operates ai the genomic lev-
cl, potentially allowing species distinciness o
emerge as a dvnamic corellary o diversification
and adaplation (&, 9).

Although this picture of speciation driven
by recombinational (i.e., sexual) incompatibility
is appealing, especially for the parallels it of-
fers with the biological species concept of Mayr

(17, the elucidation of the quantitmive detail of

recombinational incompatibility is only onc as-
pect of the story (or stories) of bactenal spe-
ciation. What drives new strains 0 cross these
“soft” genctic barriers and form new specics?

How distinct must clusters be for this soft harmer

tr be eflfective enough to maintain separation
and for the evolutionary late ol cach cluster 1o be
distinet? Is there a consistent mechanism of spe-
ciation that applics 1o all bacteria, imespective of
the rates and mechanisms of recombination,
which are known empirically 10 be extremely
variable?

Modeling Bacterial Diversity

Genetic surveys ol bacterial populations usually
provide a static picture ol the patterns ol geno-
typic clustering: consequently, exploring the
dvnamics of populations requires theoretical
models studied using computer simulations and
malytical approximations. Clustering in natural
populations can then be compared with those from
simulated populations il the genotypes of strains
are defined in the same way. [solates within bac-
tenal populations are commonly charactenzed by
the alleles at seven housckeeping loc [multifocus
sequence typing (MLSTY], where cach allele
corresponds o a different sequence ( £8).We have
developed a model in which strains are defined in
the same way and in which alleles change al
defined rates by mutation or recombination. We
also showed that genetic diversity in several
bacterial pathogens could be explained by this
simple model of neutral dritl (79,

The use of neutral models of mutation and
drift is not a denial of selection but a recognition
that much observed population genctic structure
can be explained in simple terms. [t makes
sense, as a null model, o explore the dynamies
ol neutral diversification and the conditions
under which populations do, or do not, separate
into distinct genotvpic clusiers that mimic the
cemergence of species. Estimates for the raies of
miutation and recombination are available from
empirical studies of a vanety of bacteria |e.g..
(2, 20y, as is the relationship between sequence
divergence and recombination rate shown in
Fig. 1A,

We estimated population mutation raies
{denoted B) in the range 1 1o 10, whercas recom-
bination rates (denoted p) are more variable,
rnging from 0.1 to 100 (19, 200, These values
are expressed per gene segment per generation
and are welated to the underlying biological mu-
tation and recombination rates (denoted or and r,
respectively) by a constant known as the el-
fective population size V., such that 6 = 2miN,
and p = 2rN. Our estimates of 8 are basad on
genes approximately £ = 300 bp long, and il we
take a plavsible estimate of the DNA mutation
rte (m) at 3 = 107" per base pair per replication
(2409, we get a ballpadk estimate for the effective
population size N, of 107,

The effective population size s not directly
related 1o the census population siec but is rather
a measure of how much newtral diversity the
cnvironment can camy. It may be considerably
smaller than the census population size as a
result of factors such as regular bottlenceks,
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genome-wide selective sweeps, or hierarchical
structure (22). Consider, for example, an infee-
tious agent such as Strepifococcus pretanoniae,
Al keast three factors result in an clective pop-
ulation size many orders of magnitude smaller
than the actual number of bacteria. First, the
bactenal population is divided imto distinet pop-
ulations within individual humans and is trans-
mitted by small inocula, so that the number of
infected people may be a better measure of pop-
ulation size than the number of bacteria, Second,
transmission is seasonal, with peaks occurting
during the winter months, creating bottlenecks
during the low season, so that the effective pop-
ulation size may reflect the number of people
infected during these boitlenecks, Third, the hu-
man contact network is lierarchically structured
inlo conmunitics, commumitics of communitics,
and so on, so that the elfective number of people
mfected s bower than the actual number of people
mfbected (23). Thus, a population of wrillions of
bacteria can have a low ellective population
stec. Similar considerations may influence ef-
lective population sizes in many cnvironments,
such as the partitioning of marine bacteria
around nutrient-rich coastal regions, scasonal
regulation caused by the “bloom-bust™ cyele of
algal nutrient availability, and local clustering of
populations around small paricles of nuinents
(24). In general, most natural populations of
bacteria live in structured environments with
well-defined patches of growth, where serious
limits exist on the dispersion of novel types
between patches. Establishing plausible esti-
mates for N, for a diverse range of bacteria, as
well as idemilying the factors that affeet i,
should be a rescarch priority.

To explore speciation, we extended our pre-
vious model (/9 to simulaie simplified ge-
nomes (Fig. 1C), with an effective population
siee N, 10° and a population mutation rate &
2, and defined cach sirain by the alleles at a
larger number of loci (700 10 counter the effiect
that eccasional recombination at a single locus
has in distorting relationships between otherwise
divergent or similar strins (25). This model
ignores several heterogeneitics that may arise in
populations (¢.z., limess, ccology, and recombi-
nation rate) but may nonetheless provide a
preliminary deseripiion of the gencration of di-
versity by drifi. Our choice of pammeters and
mode] structure s an incvitable compromise be-
tween plausibility and computational limita-
tions, achieved principally by reducing the
effective population size and by using an ap-
proximation algorithm for moedeling mutation of
DNA sequences (25).

The Clonal-Sexual Threshold

The most saliemt feature of this simple model 1s
a sharp transition in population structure with
increasing rates of homologous recombination,
When recombination rates are low, the popu-
lation is cflectively clonal in structure, In some
sense, cach clone has a separate evolutionary

fate, because novel alleles that arise are un-
likely to spread horizomally through the popu-
lation. A feature of neutral population structure
m the clonal region 1s strong genotyvpic clus-
tering (Fig. 2. A and B). These clusters are
unstable, and the long-term dynamics are char-
acterized by a constant process in which ma-
jor clusters regularly emerge by chance, split,
drift apart, and evenwally become extinet
(Fig. 2C).

When recombination rales are increased 1o
values between one-fourth and twice the muta-
tion rate (per locus), a threshold is passed where
clusters no longer diverge but are constamly
reabsorbod into the parent population by the
cohesive force of recombinauon. Alleles can
succecd through honzontal spread even when
the parental lincage docs not. The degree of
clustering is much reduced compared with the
clonal situation (Fig. 2, D and E), and dynamic
analysis (Fig. 2F) reveals that the clustenng that
dotcs occur 1s ransient.

It is worth noting that in both situations, the
degree ol diversity at each locus is the same and
is governed by the balance between extinction
and mutation. The sexual population contains
more distinet genotypes, based on difterent
combinations. of a similar number ol alleles.
Recombination is [frequent enough that the
fate of alleles m one locus is not tied o their

Relative recombination rate =
[ =]
8 8§ g ¢

g

5% M 15%
Sequence divergence

#

REVIEW

more detail in the accompanying Supporting
Online Material (27).

Diversity-Driven Speciation in Sexual Bacteria?

In populations with high mtes of recombination,
the reduced rate of recombination between two
closely related species, compared o that within
cach species, provides a mechanism of’ sexual

isolation that can maintain the separation of

species, but it is unclear whether the relationship
between divergence and recombination e is
sullicient 10 cause species 1o anse by drill. In
other words, is it plausible that chance varation
would occasionally result in strins differem
enough from the founder population that they
no longer recombine with the founders ofien
cnough o mamtin genetic proximity, and thus
become sulliciently genctically isolated to form a
new species? Our simulations suggest that al-
though this type of distance-scaled recombi-
mation can lead o the emergence of scparle
populations, this only occurs under conditions in
which the recombination rate declines with
divergence more rapidly than is suggested by

expenimentation (Fig. 2, G and 1). For values of

this decline consistent with Fig. 1A, we did not
observe distinet populations emerging in our
simulations because the amount of vanability
within simulated populations is too low for the
recombination rate o vary appreciably (Fig. 2. D

Fig. 1. (A) Recombination rate for a range of related donors, as a function of the proportion of
sequence that is different {sequence divergence), for a variety of bacterial recipients. Circle, Bacilfus
subtilis; square, Bacillus mojavensis; diamond, 5. pneumeoniae; triangle, Escherichia coli. The best fit
log-linear curve is shown, with intercept 0.8% and slope 19.8. [Data are from (12-14).] Slopes for
individual named species range from 17.9 for 5. pneumoniae to 25.7 for E. coli. (B) Genome of
S. pneumoniae [from (35)] and location of the MLST genes. (C) Schematic representation of the sim-
ulated genomes in a stochastic neutral model. MLST genes are highlighted.

association with alleles at other loci. In the
clonal siwation, in contrst, clusiers regularly
become extinet (Fig. 2C), and extinction of
clones is the principal regulator of diversity as
a whole. Clusiering can be defined as over
dispersion of the genetic distances between
isolates (Fig. 2, B, E. and H), and a measure
of this is the index of association (26). In carlier
work, we showed how 10 calculate this index
for neutral models (without the dependence on
sequence divergence of Fig, 1) (/¥), and we
have shown that the threshold between clonal
and sexual regimes holds for a wide range of
parameters (20). The transition between clonal
and sexual population structure is studied in

to F), Thus, although this conceptual model is
appealing, it is not supported by the quantitative
detail of the interplay between genetic diversili-
cation and sexual isolation.

Experimental studies of the relationship be-
tween sequence divergence and recombination
have focused on inerspecific ransfer of DNA,
that is, between organisms that are up o 209
divergent and are already presumed 10 be a least

somewhat sexually isolated, For the process of

speciation modeled here, we are imtally inter-
ested i the process of intmspecitic ransfer, so
the most imporant guestion is how very small
amounts of sequence divergence, up to 5%, aflect
reeombination. We know that bacteria may vary
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in their mechanisms of recombination, and
hence the pattern shown in Fig. 1A may not be
universal. In a yeast, lor example, a different
relation between genetic distance and recom-
bination rates has been observed (283, in whach
the recombination rate declines very rapidly
for the first few mismatches (83% reduction for
5 bp) becavse of a mechanism linked 1o the Muts
mismatch-repair system, and this mechanism
then saturtes so that the dechine therealier ol-
lows a log-hinear relatonship very sumlar to that
seen in bacteria studied o date (Fig. 1A) Simi-

larly, anomalics occur such as the reported 10° re-
duction in recombination rate (by phage-mediated
transduction ) betwoen Salfmaonella enterica serovar
Iyphimunum and 5 emrerica scrovar Typlu that
arc only about 2% divergent (¥, 29) Thus, betore
conclusions can be reached about the leasibility
of speciation occurring by distance-scaled re-
combination, details of the dependence of the
recombination rile on sequence divergence must
be known. (17).

Using methods based on MLST (2, we can
identify strains from natural populmions of bac-

teria separated by single recombination events
and calculate the divergence between the an-
cestral and inserted allele (30). In spocics sup-
porting  sullicient levels of sequence diversity,
such as Netvseria meningitidis and 5. prenmo-
niae, these may frequently be highly divergent,
that 15, =5%, This demonstrates that, at least
within some specics, extensive sequence diver-
gzenee 1s no bar o recombination. Mechanisms
of reproductive solation other than sequence
divergence certainly exist, such as niche differ-
entiation, differences in DNA exchange by
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Fig. 2. Simulated genetic structure of a donal population (A to C) and sexual
population (D to F). All populations are evolving under neutral drift and are
homogeneously mixing. (A, D, and G} Genetic maps, which are determined by
principal coordinate analysis (36), represent the genetic distances between
1000 randomly chosen isolates from the simulated population after 10°
generations have elapsed. Coordinates are expressed in units of sequence
divergence. (B, E, and H) An alternative way to represent clustering is the
distribution of sequence divergence between pairs of isolates in the papulation.
The thin lines show the distance between five random strains and all the other
strains in the sample, whereas the thick red line shows the distribution of all the
pairwise distances. Where there is little clustering (E), all pairwise distances are
similar and the distribution has a single peak; where there is strong clustering
[(B) and (H)], the distribution has multiple peaks corresponding to pairwise
comparisons within and between clusters. (C, F, and 1} Distribution of the
pairwise comparisons evolving over 10* generations. To normalize the dis-
tribution, pairs of isolates are compared for the number of alleles that are
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different, between 0 and 70, rather than for the proportion of base pairs as in
(B), (E), and (H). The height of the distribution is represented by color shade,
ranging from black (0.0) to red (>0.1), so that peaks in (B), (E}, and (H)
correspond to red shaded areas in (C), (F), and (1). () and (I} show clusters
moving apart, visible as red peaks moving up through time. When clusters split,
a new peak appears at the bottom; extinctions are apparent from peaks dis-
appearing. (F} shows instead more stable population structure, with a stable
diffuse cluster being maintained throughout the simulation. Parameter values
for O and p, the population mutation and recombination rates, are0 =2, p =
0.01 [(A) te (O], p = 20 x 107, where x is the sequence divergence [(D) to
{F)]. We also explored under which conditions dustering could occur in the
presence of high recombination rates [(G) to (1)]. Clusters with high within-
cluster recombination can be generated, mimicking spontaneous speciation
[(G) to ()], but require that recombination rate declines as a function of
sequence divergence at a very rapid rate uncharacteristic of most bacteria
studied to date, such that p = 20 = 107",
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phage-mediated transduction
owing 1o ncompatbility in sus-
cepubility to phage infection or
restriction-modification systems,

REVIEW

or differences in tansfomability
in response 1o homones (1, 31,
These mechanisms have not yet
been implicated in the process ol
bactenal speciation, but their im-
pact could be profound,

Slow Allopatric Speciation in
Sexual Bacteria

So far, we have considered only
the case of a single population,
Prolonged physical separation
(allopatry) will reduce nuxing
and recombination between bac-
teria, and by mndom accumula-
tion of mutations, two separated
populations will genctically di-
verge al twice the mutation rate
(2m). As this happens, the imtrn-

O J00F OOEF SO0

and we hypothesize that a mecha-
nism must act o sepamie the two
populations and that they could thus
Y be considercd nascent specics. Spe-
i ciation could be considered com-

¥ 4
_ S, plete once these populations have
T diverged enough for blending by

et gympatnic recombination o be ge-

& mwm netically impossible,
(s Conclusions

Our model is an oversimplified
caricature of genetic diversilication
and speciation but nonetheless
gives some insight into the inmer-
play between mutation, recombi-
nation, and genete diverzence. For
the case of diversity generted by
neutral dnfi, we have derived a
simple phenomenology of species,

R0 DO DO

sic capacilty for recombination
between the populations is re-
duced. The question then arises,
at what point should they be
termmed species?!

For sexual populations (above
the critical recombination thresh-
old). speciation can be said w0
have occurred when the popula-
tions fail 1o blend even it the barner solating
them has been removed. I the rate s which two
populations can exchange genes depends on the
wenetic distance between the populations, then it
this distance is below a threshold, recombination
an cause distinet populations 1o converge and
blend. IF, on the other hand, this genetic distnce
is above a threshold, then recombinational
incompatibility between the populations is such
that the populations can never blend and could
legitimately be considered distinet species (27).
Thus, the degree of divergence induced by al-
lopatry or other mechanisms ol separation re-
quired for speciation (o ocour is nod a constant
but depends on the rate ol recombination be-
tween similar genotvpes. When separmtion is not
sullicient to cause speciation, and svmpatry 1s
restored, blending will occur more rapidly than
allopatric divergence (Fig. 3); however, genetic
diversity is tmnsicnily enhanced owing 1w the
long-term persisience of alleles from bath pop-
ulations. Separation thresholds and the dynamics
of blending are explored funther in (27). In sum-
mary, simple allopatry will only gencrate distinet
clusters of strmins over very long periods.

Comparison with Multilocus

Sequence Analysis

The inferred genetic map for a sample of bactenia
from the mitis group Sereprococe (Fig, 4) (30)
was oblained from the sequences of six of the
seven genes that define the streptococcal MLST
scheme and from calculating the matrix of se-

Qe S0 G008 Q0

Fig. 3. Genetic maps of a population temporarily divided by a strong
barrier. With parameters as in Fig. 2 for the sexual population, a split is
introduced after 300,000 generations (A). After 300,000 generations apart,
the populations have drifted and are clearly distinct (B). At this point, the
populations are reunited; after 10,000 generations, little distinction re-
mains {C), and after a further 10,000 generations, no remnants of the
separation are evident (D).

quence divergence between isolaes. Jdf is ex-
cluded because it is hinked 1o genes detenmining
penicillin resistance, which undergo interspecific
transfer more frequently than others (this is an
interesting example of selection divectly affecting
the genctic interrelatedness of populations, albeit
al one Jocus). Named species are currenily de-
lined by a strict series of phenotypic tests, and
these indeed comrespond 1o clear clusters of re-
lated bactera. However, these clusters are not
uniform; for example, 5 prewmoniae is less di-
vergent than the other named species,

For & prewmoniae, the recombination rate
has been estimated as roughly three times the
mutation rate (per locus) (19), that is, above the
clonal/sexual threshold, so it should behave as a
sexual population. The distance between spe-
cics is quite varable, The divergence between
5. porenmoniae and 8, orefis 15 =10%; on the
basis of Fig. 1A, we presume that the recombi-
nation mte between them is suppressed by a
tactor of about 100, Thus, even il opportunitics
for recombination between these were as fre-
quent as intraspecilic recombination, they would
not blend owing 1o genetic divergence. By con-
trast, the divergence between S prcunioniae and
8. pendopnenmoniae is about 3%, so that inter-
specific recombination should only be reduced
by a factor of 4 relative o intraspecific recom-
bination. In sympatry, this is not sulficiently di-
vergent to prevent blending. Interestingly, the
two types of streptococer appear (o share a
similar niche within the human nasopharynx,
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It recombination 15 less common
than mutation, the siluation 15 cs-
sentially clonal and the population

is characterized by a high degree of

clustering. In this case. we expect
that, although natural selection and
seographic structure will act to in-
Tuence a process of clustering that
may be inherent 1o clonal popu-
lations, they do not actually cause
the clustering, 1T recombination is
mone frequent than this, a threshold
is crossed and recombination starts to act as a
cohesive force on the population by breaking
linkage between alleles and reducing genctic
clustering. Such a sitwation could in principle
lead 1o dynamic speciation by chance drifi, but
only if the amount of variation within the pop-
ulation is sufficient for recombination mtes 1o
vary appreciably between members of the pop-
ulation. On the basis of current estimates lor the
species we have studied, this does not occur, b
it should not be mled out. Thus, in general,
bacieria can and do form sexual species, and
mechanisms involving allopairy or niche spe-
cialization must be invoked in speciation. In
this case, the situation & largely analogous to
speciation in higher organisms, without the
complications associated with sexual mating
choice (32),

In our analysis, we have not discussed the
mole that nawral sclection may play in driving
speciation. This is not because we do not believe
selection 1o be important; quite the contrary.
Rather, it is instructive 1o understand the dy-
namics of neutral diversification and specia-

tion 1o then understand how different types of

selection might influence this process. Also, we
might plausibly hypothesiee that even in a struc-
tured adaptive landscape, adapiation w differem
niches may involve selection at a small propor-
tion of loct, and thus that the generation of ge-
nomic baricrs 1o recombination ariscs by the
accumulation of selectively neutal mutations,
a process governed by simple rules similar 1o
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those described here. In this sense, we may
expect our results to be applicable to much
larger values of the cllective population size,
where sclective forees are amplified relative to
drift. Some additional simulations and discus-
sion of the effect of increasing N, are in (27),
The derivation of analyvtical approximations (o
the processes of cluster dynamics (i.¢., splitting,
extinction, blending, and welative drift) desenbed
here will help in exploring this subject further.
An alernative perspective on bacterial spe-
ciation has been provided by Cohan, who iden-
tified the clonal-sexual threshold for neutral drifi
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Fig. 4. Genetic map of the Streptococcus
genus, based on concatenated sequences of
MLST genes (excluding ddlf). Samples from four
named species are highlighted. Red, 5. pneu-
momiae; yellow, 5. pseudopneumoniae; purple,
5. mitis; and brown, 5. oralis. The three light
blue dots represent strains for which the named
species status could not be assessed.

but who has emphasized that the threshold for
sharing adaptive polymomhisms is much higher
{23), leading to the notion that populations may
be adaptively distinct but indistinguishable by
neutral markers. These studies have emphasized
the role of adaptive mutations in designating
“ecolypes” as putative species (34). Our analy-
ses suggest tha for populations with recombi-
nation rates above the sexual threshold, ccotvpes
could rapidly blend should the adaptive land-
scape change and the barmers between niches be
removed, and that below the sexual threshold,
differentiation ino distinet genetic ¢lusiers anscs
even in the absence ol selection,

Our model highlights the imponance of a
detailed quantitative description of the processes
that drive speciation. The simulations used here
are based on genenic plausible parameters. but
further work is required to produce simulations

properly calibrated to individual sets of experi-
mental observations, For example, although the
log-linear relation observed in Fig, 1A scoms 1o be
general—and strikingly similar among bactena
as different as Streprococed, Haemophilns and
Bacillug specics—more effort is needed to mea-
sure recombination rates between closely related
bacteria because exceptions and anomalics have
been documented in some systems (11, 28, 29),
and also to estimate gene ow within and be-
tween natural populations. Examination of strep-
tococei (Fig. 4) reveals a diversity of paitems
between relatively closely relmed species, as
well as apparent asymmetries in gene flow that
are not easily explained by simple models.
More work is also required 1o explore the -
templay between recombination and adaptation
in more realistic selective landscapes, includ-
ing in paricular the role of epistatic interac-
tions that can promote diversity and limit the
scope for genome-wide selective sweeps.

In our opinion, understanding the nature and
organization of genctic diversity can only be
achicved by taking a multifaceied approach 10
the problem. Genetic surveys can reveal the ex-
tent and nature of the diversity that surrounds us.
Carelul experimentation can highlight potential
mechanisms for creating the observed pattems.
Theoretical models can then be used to explore
whether the link between mechanisms and ob-
servation is plausible. Because the technologi-
cal capacities for sequencing and simulating
sequences are both prowing exponentially, the
ability to link them into a consistent picture may
soon be hmited only by our imagination.
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Sex-Specific UV and Fluorescence
Signals in Jumping Spiders

Matthew L. M. Lim,* Michael F. Land,? Daigin Li***

here s widespread evidence for animal

photoreceptors that are sensitive 1w ul-

trav okt Ll. "I.'J Wi '..,'|L'Ii'__-1|!1.~., '.Lr'|\|. NLUMICTOLS
funcuons for UV reflectance have also been
shown (/). In addison, visible ligln fluorescence
induced by UV wavelengths has been implicated
in animal signaling in cortain marine inverichmtes
and in the plumage of parrots (2, 3). We repont a
case of countship signaling i which both UV
reflectance and UVanduced Nuorescence ane used
om a sex-spocilic basis, In the ormate jumpmg spi-
der Cosmophasis wmbratica, the males have
UVerelective patches of scales on the face and
body that are displaved during conspecilic
posturing (4). These are lacking in females (4),
but females have ]‘I..||]‘-.x with a UV-excited |'l|:i:._'|:l
green fuorescence that is absent in males (Fig,

g
. A C)
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Fig. 1. (A to C) C. umbratica showing UV and fluorescent markings. Males (left) and females (right) from
frontal (top) and dorsal (bottom) in (A) human-visible color images, (B) UV images with whiter regions showing
strong UV-reflective parts, and (C) color images of UV-induced fluorescence in females (Materials and
Methods). (D to F) Decrease in the number of courtship responses when UV wavebands were removed. (D)
Reduction in courtship interactions (P = 0.004; one-tailed sign test) when UV was absent from both sexes. (E)
Males were uninterested when females lacked fluorescence (P = 0.0003; one-tailed sign test), and (F} females

Female color status

We examined the consistency of cournship
behay ior in environments that were either rich or
lacking in LUV wavelengihs, By using a tmnspar-
ent liler that specifically blocked UV wave-
lengths (fiz. S1), we removed UV reflectance cucs
i males (- UV ) and prevented the Nuorescence
of females (-'F-). We also restricted nonvisual
communication by using individual glass arenas.
By manipulating UV-blocking filters over both,
cither, or none of the glass arenas, we oblamed
four scenanos: & UV and YFH UV, YF-

Uv+, £F Uv-, £F

Under full-spectrum  light, males readily

:and

courted females by adopting a counship pos-
ture comprising a exed-up abdomen, arched
l\‘;_'h. and extended kﬂ'll‘.tll'n_'_: |‘l.;1|;'r.-: females
I'u.\.pum[vd cither with l.l.ihl"l:!_\h 1.':1II'||'I-1"I>-it'|':_'
hunched legs and bent abdomen or by briefly
running away (). Withouw UV, females either
made no response or simply tumed away (with-
out running). Similarly, males either ignored
nonfluorcscing females by tuming away or

responded with a reduced display lacking some
behavioral elements. We found that a large pro-
portion of the same pairs that suceessiully in-

-
(4]
1

—
(=]
L

w
L]

[=]

F+ female response =M

F+ F-

UV
Male color status

were uninterested in males that lacked UV colors (P = 0.001; one-tailed sign test).

www.sciencemag.org

-

teracted in the presence of UV (ZUV+E, JF+)
failed to show imtersexual behavior inoits ab-
sence (o UV-, Y F-y (Fig. 1D).

Tor ensure that the courtship responses ol the
spiders were an eflioct of sexual colors and not
behavioral changes in the opposite sex, we com-
parcd the behavioral responses ol individuals
of one sex under [ull-spectral light when the
pariner of the opposite sex was illuminated by
UV -deficiem light. Among the 20 UV males
that actively couned F+ females, most( 16) failed
o court the female when she lacked fuores-
cence |2 UV+, YF- (Fig. |E)
|‘~¢h:|\iu|‘;l] t-c'.u.'liu:nn 1'L'IJ1;EiJ1n;L| slatis i\';l”_'-. I|u:

L EVET [|111|,|;:|L her

samie as under normal light. And among 12 F+
females that responded w counting UV males
(- F LN ), most {10} ignored the same male
that now lacked UV cues (5 F+, ZUV-) ll'"l':.:.
[F), even though these males also continued 1o
show consistency m courtship. We conclude
that sexual colomtion s a crucial prerequisie
for counship.

Jumping spaders have excellent evesight (3),
and the retinas of the principal eyes are known
o have photoreceptors with maximal sensi-
7). The UV
FCCeplons have :|l1'|.';|gl} been shown to have a
role in male-male imeractions (). Our study

tivities to UV and 1o green light (6,

sirongly suggests a role for green wavelengths
as well. The reflectance spectra of O unifwatica
males have prominent peaks in both UV and
green wavelengths, and the UVeiinduced green
Nuorescence is resticted entirely to the palps of
females (lig. S2)

References and Notes

1. M. ). Tovee, Frends Ecol. Evol. 10, 455
(1995).

2. C. H. Mazel, T. W. Cronin, R L Caldwell,
M. |, Marshall, Scrence 303, 51 (2004);
published onling 13 November 2003
(10,112 &/science, 10898 03).

3. K. E. Amnold, I. P. F. Owens, N. ]. Marshall,
Science 295, 92 (2002),

4. M, L. M. Uim, D. Li, Biol J. Linn. Soc. B89,
397 (2006).

5. M. F. Land, in Neurabiology of Arachnids,
F. G. Barth, Ed. (Springer-Verlag, Berlin,
1985), pp. 53-78,

6. A D. Blest, R. L. Hardie, P. Mcintyre, D. 5.
Willtams, J. Comp. Physial A 145, 227
{1981).

7. A G. Peaslee, G. Wilson, | Comp. Phystol.
A 164, 359 (1985).

B. M. LML Lim, D, L1, ). Comp. Physiol A
192, 871 (2006).

9. We thank R. K. Colwell, L. P. Koh, and
T. M. Lee for comments on the manuscript.
Financial assistance came from the
Mational University of Singapore Academic
Research Fund o D.L (R-154-000-140-112).

Supporting Online Material

ww.scient emag.orgleqieontentfull 3155811/
481DC1

Materials and Methods

Figs. 51 and 52

References

23 August 2006; accepled 31 October 2006
10.112&f5cience. 1134254

SCIENCE WOL 315 26 JANUARY 2007

481



482

Histocompatible Embryonic
Stem Cells by Parthenogenesis

Kitai Kim,™** Paul Lerou,™** Akiko Yabuuchi,** Claudia Lengerke,™** Kitwa Ng,**
Jason West,™?* Andrew Kirby,® Mark ). Daly,® George Q. Daleyl?34+

Genetically matched pluripotent embryonic stem (ES) cells generated via nuclear transfer or
parthenogenesis (pES cells) are a potential source of histocompatible cells and tissues for
transplantation. After parthenogenetic activation of murine oocytes and interruption of meiosis | or
I, we isolated and genotyped pES cells and characterized those that carried the full complement of
major histocompatibility complex (MHC} antigens of the oocyte donor, Differentiated tissues from
these pES cells engrafted in immunocompetent MHC-matched mouse recipients, demonstrating
that selected pES cells can serve as a source of histocompatible tissues for transplantation.

arthenogencsis entails the development of
an embryo dircetly from an oocyle with-

out fertilieation. Many animal and plant
specics reproduce via parthenogencsis, bul in
mice, pathenogenctic embryves develop only 1o
the early limb bud stage because mammalian
embrvonic development requires gene expres-
sion from the patemal genome, Parthenogenclic
embryonic stem (pES) cells have been isolated
from panhenogenctic blastoeysts of mice and
primates (., 2) Both mouse and primate pES
cells undergo extensive differentiation in vitmo
(2, 3, and pES cells contribute widely 1o adult
tissues in chimene mice (1)
parthenogenetic chimerism has been desenbed in
which the hematopoictic system and skin were
derived from parthenogenetic cells (4). In addition
o plunpotent stem cells from ferilized embryos
and embryos crcated by somatic-cell nuclear rans-
fer (5), panthenogenesis is another method for
creating pluripotent stem cells that might serve
as a source of tissue for transplantation.

Highly efMicient methods of experimental
muring parthenogenesis exist in which oocyices
arrested at the second meiotic metaphase (MIT)
are chemically activated in the presence of cy-
tochalasin, a drug that prevents extrusion of the
sccond polar body (6). Diploidy is mamtained,
and the resulting pscudozyvgole can develop
mto a blastocyst from which ES cells can be
isolated [which we erm piMIDES eells (7).

In some cases, pES cells harbor a duplication of

a haploid genome and are thus belicved o be
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predominantly  homoeygous (7, &) Becausc
tissues derved from homoeygous pES cells
would express only one of two sas of parental
histocompatibility amigens, they can be more
readily matched 1o patients and might pose less
risk of tissue rejection (9. However, in hetero-
ygous recipients, major histocompatibility com-
plex (MHEIC) homozygous tissues may be rejected
by natral Killer (NK) cells that recognize the
lack of one set of histocompatibility antigens, a

phenomenon called “hybrid resistance™ that s
particularly relevant o bone mamow transplanta-
o (J0), As compared with mismatched organs,
partial MHC antigen matching enhances allograf
survival, but full MHC-maiched tissues are the
most favorable for wransplant (£). The only cer-
tain strategy for avoiding immunologic complica-
tions is 1o wnsplant genctically identical tissucs,
but this limits wransplantation o aunologous tis-
sues, ransplants between monozygolic twins, or
cells created by somatic cell nuclear ransfer

Here we characterize plunpotent ES cell lines
generated by parthenogenesis in which hoth of
the matemal MHC loci have been maintained.
Daftercntiated ussues from such MHC-mached
ES cells can be ransplaned mio the oocvie do-
nor strain without repection, suggesting that these
cells could be a favorable source of histocom-
patible tissucs for ransplantation.

Recombinant MHC-matched p(MIES cells.
Wi reasoned that dunng the solation of p{MINES
cells fvom hybnd Fy muce, recombimation events
occurring  between paired homologous  chro-
mosomes in meiosis 1 would produce cells tha
had restored heteroeygosity at the MHC loci
(Fig. 1B). Recombination frequencies place the
murine H-2 MUC locus at 18,5 centimorgans
(M) from the contromene on mouse chromesome
17 (12), thus predicting that approximately one

A human case of

hCG
A Oh A 6h 2
4n (GV)
hCG
B  Oh . 6h
@ Recombination
4n (GV) 2n (M) 2n [MII] 2n
hea o(MDES.
Oh 6h 12h
c : He::t:.lmenati:nn — T T T _p( ]
"= @@ @
4n (GV) 4n (MI) 2n (MIN)
® @ O: different centromere, MHC ;’;ﬁchmlﬂl aclivation = = — .mitotic cleavage

Fig. 1. Chromosome dynamics during normal and artificial murine cocyte maturation. (A) Normal
fertilization. Immature oocytes arrested at diplotene of the first meiotic prophase harbor 20 sets of
paired homologous chromosomes (bivalents). A single bivalent pair is illustrated at left, without
recombination. The maternal or paternal chromosomes segregate into the first polar body (1st PB)
during MI. At fertilization, half of the chromosomes are extruded via the second polar body (2nd
PE), and the incoming sperm restores the diploid chromosome complement. Blastocysts derived by
fertilization yield fES cells. hCG, human chorionic gonadotropin, GV, germinal vesicle. Timeline is
shown at top; h, hours. (B} Parthenogenetic cocyte maturation. Mil-arrested oocytes are activated in
cytochalasin B, blocking extrusion of the second polar body. Diploidy is maintained and the resulting
blastocysts yield p(MINES cells. Recombination events produce MHC-matched p(MIDES cells. (C)
Parthenogenetic activation of immature ococytes (16). Inhibiting extrusion of the first polar body
prevents segregation of the homologous chromosome pairs. Extrusion of a polar body restores diploidy.
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in five meioses will vield a crossover event. We
collected mature oocytes from CSTBLG = CBA
Fy mice and mmated panhenogenctic embryo
development via a protocol that prevents ex-
trusion of the second polar body. From the 74%
ol activated oocytes that developed 1o blastocysts,
we solated 72 p(MIDES cell lines (Table 1),
We used polyvmerse chain reaction (PCR)
amplilication followed by allele-specific nestric-
tion ceyme digestion or direet sequencing of
single-nucleotide polymorphisms (SNPs) within
the H-2 region of chromosome 17 1o determing
whether recombination had restored  heterozy-
gosity at the MHC loci (13}, 24 ou of 72 p(MIT)
ES cells (33%) harbored the heterogygous MHC
genotype of the oocyie donor (fig. S1A, black
circles; and fig. S1, B and C). Genotyping of
Nankmg markers on chromosome 17 confirmd
the MHC heterogyzosity in a subsct of cight se-
lected cell lines (fig. S1C), We call ES cells se-

lected in this manner recombinant MHC-matched
PIMIDES cells.

Recombinant MHC-matchad piMINES cells
were differentiated into embryoid bodics (EBs)
for 14 days, followed by culture on pelatin-
coated tissue culture plates for an additional 14
days in order w examine MHC antigen expres-
sion on a differentiated population of epithelial-
like cells (/). Difterentiated pIMIDES cells that
had not recombined at the MHC loci by poly-
momphism analvsis expressed only one of the
parental MHC proteins (H2K® for C37BL6 mice:
Fig. 2B), whercas MHC-matched p(MIDES
cells that had recombined expressed both H2KP
and H2K* on all cells (Fig. 2C). These data con-
firm the heteroey gous genotype by MHC antigen
expression. A majonty of p{MIDES eclls had a

nomal karyotype (fig. S2A:; v = 16 nommal

karyotypes out of 19 lines tested), A minority of

pIMINES cells showed the loss of one X chro-

Table 1. Parthenogenetic oocyte activation and ES cell derivation from a CS7EL/6 = CBA F, mouse.
Numbers indicate embryos reaching a given stage/total oocytes.

Efficiency of pIMIDES cell derivation

Stage 1 cell 2 cells 4 cells Morula Blastocyst pIMIDES cells
Rate of 150/150 125/150 117/150 115/150 111150 721111
development (100%:) (83%) (78%) (779%) (74%) (65%)
Efficiency of ptMIES cell derivation
Rate of 1121112 §iniz B1/112 75112 637150 23163
development (100%) (78%) (72%) (67 %0) (56%) (37%)

Table 2. Teratoma formation after injection of differentiated fES, pIMINES, and p(MIJES cells into
MHC-matched and -mismatched recipients, observed for 3 months. Rag2™ /y¢™ mice are on the
C57BL'6 background. Numbers represent teratomas formed/total mice injected. (P < 0.001 for the
hypothesis that haploidentity or full MHC match predicts teratoma formation; see methods in sup-

porting online material for assumptions in statistical analysis.)

ES cell type (MHC)

- fEs  fES fES p(MINES plMIES
R““L';Li': cells cells cells :eltl:{:gf:];:u&} cells cells
(CSTBL'G) (CBA) (CSTBL6 x CBA) (C57BL/6 = CBA) (CSTBL/6 = CBA)
Rag2™" /™™ + (4/4) + (5/5) +1(273) + (4/4) +(373) +(313)
CBA — {044} + (5/5) — (/3 — {03 — (0/4) — (0/d)
C57BL/& + (5/7) —{0/5) — {0/s) + (8112) — (0/5) — {0/5)
C57BLS = + (315} + (3/5) + (6/8) + (12/12) + (4/5) + (5/5)
CBA F,
A Undifferentiated B Differentiated C MHC-matched D MHC-matched
p(MIES cells p{MII}ES cells p(MINES cells p(MIJES cells
w A — e .
I 3] i e
rﬂi 4 “’,ﬂ o ] f - #
' E L o L 3 o ' --'___-_
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Fig. 2. MHC protein expression on pES cells. Flow cytometric detection of H2K protein expression is
shown on (A) undifferentiated p(MIDES cells, (B) differentiated MHC-homozygous pIMIDES, (C)
MHC-heterozygous p(MIIJES, and (D) MHC-heterozygous p{MIDES cells.
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mosome, a phenomenon known o oocur in fe-
male ES cells (15)

MHC-matched piMIES cells. In a sccond
method aimed at generatng genencally matched
pES cells from CSTBLYG = CBA F; mice, we in-
duced parthenogenctic development of imma-
ture oocyies while mterfering with the scgregation
of the paired homologous chromosomes during
the first metic metaphase (ML Fig. 1C). This
protocol has been reported 10 vield pantheno-
genetic embryos that are genetic clones ol the
ooeyle donor by preventing segregation of the
homologous maternal and  paternal chromo-
somes (/6). From the 36% ol activated oocyies
that developed o blastocysts, we isolated 23
ES cell lines, which we term p{MDES cells
{Table 1), We determmined the genotypes of the
MHC region of the p{MDES cell lines by PCR
amplification followed by allele-specific restric-
tion enzyme digestion or direct sequencing of
SNP loci on chromosome 17, and we observed
MHC heterozygosity in 21 of 23 cell lines (fig.
S1A, white cireles; and fig. 53). Genotyping
of Nanking markers on chromosome 17 con-
firmed the heterozyeous MHC genotype and
MHC identity with the oocyte donor in 10 mem-
bors of a selected set of 12 pIMDES cell lines
ilig. 5109,

MHC-matched piMDES cells were difter-
entiated for 28 davs in culture a5 described
above and examined by flow cviometry. The
differentiated derivatives expressed both H2K"
and H2K* on all cells, conlinming heterogy gos-
ity of the MHC locus by surface protein expres-
sion (Fig. 2D} In seven p{MDES cell lines, we
documented a nomal diploid chromosome con-
tent by direet chromosome counting (fig. S2C).
Seven piMDES cell lines had 39 chromosomes,
reflecting the wendency of female ES cells o lose
an X chromosome (7. 15). Nine lines showed
varable chromosome content. A more detailed
genomic analvsis tha distinguishes these dip-
loid and ancuploid classes of p(MDES cells is
presented below,

Pericentromeric genotype and patterns of
recombination in p(MII) and p(MIJES cells, To
assess the pattem of chromosomal scgregation
observed under the different oocyie activation
protocols and to detenmine the degree of ge-
netic identity of the pES cells with the oocyie
donor, we detenmined the pericentromeric geno-
type and distal recombination of the p{MIDES
and p(MIES cell lines wsing SNPs that distin-
guish the parental mouse strains (C37BLA6 and
CBA) (/7). We hypothesized that piMIDES cells
would be predominantly homoeygzous, with re-
combination reflected by a telomenc predomi-
nanee of heteroeyvgous SNPs, Conversely, we
reasoned that the piMDES cells would be pre-
dominanmly  heteroevegous, with recombination
reflected by a welomene predominance of homo-
avgous SNPs, Moreover, ES cells isolated from
embryos that resulied from natwral fenilization
events between stming of inbred mice ([ES cells
from Fy matings) should show heteroeygosity at
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all loci, because the gametes denve from homo-
Zvgous parents in which meiotic recombina-
tion s genetically mvisible, We genotyped three
SNPs on chromosome 17 m 72 piMITES, 23
pIMDES, and 200 IES cell hnes, and a smgle
pericentrimeric SNP on cach chromosome in
one piMINES and five ptMDES cell lines (fig.
54). Based on the results of this low-resolution
genotyping, we selected a set of 17 p(MIDES
and 20 p(MDES cells and pedormed higher-
resolution genotyping using a standard panel
of 768 mouse markers evenly spaced across
the genome [an expansion of a previously de-
scribed SNP set (f8)]. A wtal of 314 markers
spamning the 2.25 gigabases (Gb) across the
19 auwtosomes were mformative: They were poly-
morphic between C3TBLG and CBA and had a
control Fy correetly wdentified as heteroeygous
{resulting in an average intermarker distance of
4.6 Mb).

SNP genotyping conlimed the hypothesized
patterns of rccombmation but revealed a sur-
prisingly high degree ol heterozygosity Tor the
pIMIDES cells. Because sister chromatid seg-
regation is prevented in ML, all chromosomes
were substantially homozygous near their cen-
troineres For one of the two parental steains (Fig,
AA and Ngs, 55 and S6). Because of recombina-
tion, the heteroevgosity of SNP markers in-
creased in frequency in propontion to the genetic
distance from the centromere (Fig, 3A, right
pancl: and fig. S6A)  Despite the presumplion
of predominant homozygosity in pIMIDES cells,
we found homozygosity at only 36.9%% of loci in
a survey of 17 piMITIES cell lines, with a range
of homaozygosity between 23.9 and 47.5% (hig.
57). These data demonstrate that, contrary 1o
expectation, recombination renders the majority
of loci in piMIDES cells heterozygous.

Some p(MIDES cells harbored genotvpes
that showed homozygosity of SNPs from one
prarental stmin near the centromere, followed by
a region of heterozygosity, and then a welomeric
region of homoeygosity of SNPs from the other
parental strain (chromosomes 8 and 10 in Fig.
3IA) This pattem is consisient with meiotic re-
combination between both sister chromatid pairs
of homologous chromosomes, which occurs dur-
g MI, tollowed by searcgation of the bivalents
it separate cells upon extrusion of the lirst po-
lar body, and then co-scgregation ol the recom-
binant sister chromatids into the same cell duc
o inhibition of extrusion of the second polar
body (Fig. 1B). With both sister chromatids un-
dergoing recombination separately, we postu-
lated that piMIDES cells, although constrained
to be homozygous at the centromeres, would
manifest recombination at a rate that would be
equivalent 1o an Fs intercross between two F
mice. We calculated the genetic linkage map
from the piMIDES genotypes using the pro-
gram MAPMAKER/EXP version 3 under the
model of an Fs imercross, and across all auto-
somes we estimated a wial map length of 1329
¢M. This is broadly consistent with the Mas-

sachusetts Institute of Technology Whitchead
map, which reported a total autosomal map
length estimate of 1338 cM (/9).

Analysis of the recombination patterns of 20
PMDES cells showed two distnet subgroups.
Twelve of the p(MIES cells showed a predom-
inant pattem of heteroeygosity beginning at the
centromere, Bllowed on some chromosomes by
telomeric regions of homoeygosity (Fig, 3F and
fig. S6B) When the genotype data of these 12
lines were similardy evaluated under the as-
sumption of an Fy intercross, the observed map
length was signilicantly suppressed (910 ¢M),
Despite the high density of polymomhic markers
examined, 94 of the 228 awosomes in these |2
lines were observed w0 be completely heteroey-
gous (g, 870 These observations drive the es-

tmmated map kength down as compared to that of

the piMIDES cells and a standard Fa> recombi-

A p(MI)ES

nl:nl'm:t|1'«:t|n:tr|1a__r

cen "E
—

SNP marker distance
om centromere (Mbp
g

nation pattern. Indecd. the map length is sup-
pressed because the recombinant chromosomes
will in some cases co-scgregate by chance (or
by nondisjunction) into the same cell, thereby
preserving heterozygosity in the genotyping as-
say (lig. 58).

A subset of cight piMDES cells demonstrated
complete heteroeyvgosity across all loci, sug-
gesting genctic identity of the panthenogenatic
embryo with the oocyte donor—in efleet, a par-
thenogenclic clone, as originally reported (16).
However, all of the eight piMDES cell lines that
show complete heterogygosity are in fact ancu-
ploid, with a range of chromosome counts be-
tween 38 and 77, Thus we speculate that these
pantheterozyzous pIMDES cells denve from tet-
rmpload  blastocysts that mamifest mlidelty of

chromosomal scgregation during denvation and
culture. Indeed, when oocvies are activated soon
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Fig. 3. Genome-wide SNP genotyping of a representative clone of p(MIDES, pIMIIES, and panheterozygous
pIMIES cells. (A} p(MIDES cells, (B) p(MDES cells, (C) panheterozygous pIMIES cells. Left panels show
genotypes for each chromosome, from centromere (cen, top) to telomere (tel, bottom), revealing blocks, or
haplotypes, of markers. Green, homozygous CSTEL'6 (B6) SNP; orange, homozygous CBA SNP; blue,
heterozygous (HET) SNP. Right panels show the heterozygosity of SNP markers plotted against SNP marker

distance from the centromere.
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alier cyvtochalasin reatment o block MI, tetm-
ploid blastocysts requently result (ligs. S2C and
S9. Such embryvos will yield tetrmaplowd p(MDES
cells, and 1t s possible that mcubation with
dimethylammmopunne may  thercalier predispose
them 1o abnormal chromosomal segregation or
chromosomal loss. Such maintzin
complete heteroeygosity when genotyped as a

isolates

population but do not represent a true clone of

cells with genetie identity o the cocyie donor.,
Theoretically, panthenogenctic clones would arise
only il the recombination events of MI are
suppressed or il there is obligate co-segregation
of the recombinant chromosomes into the same
daughter cell. Based on our experience, we are
skeptical that true parthenogenctic clones can be
1solaed.

Differentiation potential of p(MIIJES and

pIMIES cell lines. To assess the pluripotency of

the MHC-matched pES cells, we evaluated their
ditferentiation potential by m vitro and n vivo
assays. We mjected cells subcutancously mto
immunodeficient mice and observed robus ter-
toma formation from multiple p(MIDES (0

L1y, pAMDES (1 = 4), and [ES (n = 3) cell lines.
The differentiation potential of p{MIDES cells
has been well documented (), but not that of p
(MIES cells. Histology of teratomas made from
piMDES cells revealed tissue elements ol all
three ambrvonic gemm lavers: mesodenn (bone,
bone mamow, muscle, and cantilage), endoderm
{respiratory  epithelium and exocrine pancreas),

Fig. 4. Histopathology
of teratomas from MHC-
matched p(MIES cells
and skin chimerism. (A)
Cartilage. (B} Bone and
bone marmrow. (C) Muscle.
(D} Brain. (E) Melanocyte
(iris). (F) Skin. (G} Res-
piratory epithelium. (H}
Pancreas. (I} Black coat
color chimerism result-
ing from pIMIIES cells
injected into blastocysts
from a BalbCS]L Fy mouse
(white coat colar). Scale
bar, 100 um.

and ectoderm [brain, melanocyte (iris), and
skin| (Fig. 4). Using previously published
methods for m vitro differentiation of ES cells,
we observed rhythmie contraculny i EBs that
wias consistent with cardiomyocyie develop-
ment in pMI, pMIL, and (ES cells, and com-
parable numbers of hematopoictic clements as
measured by methyleellulose-based colony-
forming cell assays and Pow cvtometnic analysis
for the hematopoictic markers ¢-Kit, CD41, and
CD45 (200 (fig. S10, A and B). We generaied
chimeric mice by injecting pIMINES (n = 4) and
PIMDES (= 3) cells imo recipiem blastocysts,
Examples of p(MIDES and piMDES cells each
demonstrated fetal liver chimernism and high-level
skin chimerism of adult mice (Fig. 41). No
germiine trmsmission of gametes from the p
(MIDES or p{MIES eclls was noted o eight
matings of female chimeras that generated more
than 700 progeny. Morcover, imjection of over 50
tetraplotd embrvos with piMDES cells falad 10
result in live binhs, consistent with the known
developmental limitation of parthenogenctic
mouse embryos (/). Although not fully com-
petent o sustain organismal development  be-
cause of a lack of paternal imprints, plMIDES
and p{MDES cells appear 1o share a comparmable
degree of mulilineage tissue ditferentintion as
IES cells.

Histocompatibility of differentiated prog-
eny of MHC-matched p(MIl) and piMIES cells.

To test the immune compatibility of selected

?‘i& '. :.i‘"l
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ES cell lines, we performed transplamation ex-
periments in immunodelicient mice and 1im-
munocompetent recipients  that were  cither
MHC-matched or -muismatched. When we in-

Jected 10° undifferentiated [ES or PES cells sub-

cutancously into Immunocompetent mice, we
failed 1w observe eflicient teratvima formation
regardless of the genotypes of the ES cells or
recipient mice, Like carly embrvonic tissues,
undilferentiated mouse ES cells do not express
MHC antigens, which we speculate renders them
susceplible o rejection by NK cells (5) MHC

antigens are expressed alier difTerentiation of

mouse ES cells in vitro (Fig. 2). To deter-
mine whether differentiated tissues derived
from ES cells would be accepted as tissue
grafts in recipient mice, we pre-differentiated
ES cells mto EBs for 2 weeks, then injected
EB cells subcutancously into mmunodeficien
mice or into immunocompetent MHC-matched
and -nusmetched  recipients. We observed  emato-
mes 0 all mice when we mjected pre-differemuated
ES cells into immunodelicient Rag2™ e
mice (Table 2). In immunocompetent recipicnt
mice, we observied teratoma formation from pre-
differentiated 1ES and pES cells only il there was
no MHC mismateh with the recipient (Table 2).
Al ES cells that carried both C57BL/G and CBA
MHC genotvpes successfully engrafied in heter-
ozyeous MHC-matched C37BLG = CBA Fy
recipients, but failed o form teratomas in mis-
matched homoeveous C3TBLG or CBA recipi-
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ents (Table 2. Homoevgous [ES or p(MID) ES
cells engrafied i MHC-matched homozygous
and heteroeyvzous recipients (Table 2). Because
ES cells of the CBA strain form teratoimas in
the Rag2 ™ /y¢™ mice, which are on the C57BLG
background, we conclude that the immune re-
sponse, and not host strain factors, is responsible
for the failure of termtoma formation in immuno-
competent MHC-mismatched  recipients. These
data demonstrate the histocompatibility of difter-
entiated tissues from [ES and pES cells that share
genetic identity at the MHC loci with transplant
recipients.

Discussion, We describe two strategies Tor
isolating pluripotent murne ES cells that are
genctically maiched 1o the oocyte donor at the
MHC loci. By applying zenotyping analysis 1o
pES cells isolated from hybrad C3TBL'G = CBA
Fy mice, we have sclected lines that retain the
matemal MHC genotype by virtue of specilic
meiolic recombination events and mhberitance off
the relevant sister chromatids. When these ge-
netically defined pES cells are pre-differentiated
into EBs before being injected into immuno-
competent recipient mice, the tissues engralt as
long as the MHC genotype of the donor cells is
matched w the recipient mouse.

Although unable o sustain full organismal
development because of the lack of paternal
imprints, ES cells derived from parthenoge-
netic embryos appear 1o be pluripotent. Wheth-
er lissue differentiation and engraftment into
all lineages are robust and whether the loss of
heteroaygosity of entical genomic regions might
disrupt cell function in engralied tissues re-
main centrl questions (21). These cavents nol-
withstanding, our data from the murine system
establish a prool of principle for using panheno-
genesis 1o generate MEIC-matched tissues for
transplaniation.

Differentinted tissues from pES cells that
express only one of the two sets of parental MHC
haplotypes appear 1o engralt in heterogygous re-
cipicnis (for example, C3TBLG into C37TBL/G =
CBA Fy recipients; Table 2). This suggesis ihe
theoretical possibility that a modest-sized bank
consisting of pES cells homoezygous for the ma-
Jor MHC haplotypes could serve as a source of
transplantable tissucs for ccll replacement ther-
apy. However, bone marmow and perhaps other
tissues are subject o rejection by NK cells,
which can distinguish tissucs thar express the
tull complement of MHC molecules from those
expressing only a few (/). Moreover, minor his-
tocompatibility antigens scaticred across the ge-
nome might complicate tinsplantation from an
allogeneic cell bank. Full MHC matching (or
indeed, Tull genetic identity) is most favorable
for predicting the survival and function of solid-
organ allografts (/7 ) More discriminating trans-
plantation experiments are needed 1o distinguish
the relative merits of tissues derived from homo-
zyeous MHC-matched pES cells, fully MHC-
matched pES cells, or isogenic tissues derived
by nuclear transler,

A routine, highly efficiemt method for ex-
penmental parthenogenesis in mice  intermrupts
MI and results inoan embryo that camies a du-
plicated haplmd genome that has been desenbed
as predominantly homozygous, except for re-
gions that have reverted o heterozygosity be-
cause of recombmation events durimg M1 (3).
Our data demonstmte quite unexpectedly  that
the majority of loci in piMIDES cells underzo
recombination, thereby generating a predom-
inantly heterozygous genome, Similarly, activa-
tion of immature oocyies and inhibition of the
first meiotic division ensure that substantial
heteroey gosity is presenved across the genome,
exeept for those regions that convert to homo-
zygosity because of recombination. Both piMII)
and p{MI) cells can be selected o maintan the
MHC genotype ol the ooeyte donor. All forms
of pES cells retain the mitochondrial genome
ol the oocyte donor, unlike genetically matched
ES cells that are areated by nuelear tmnster into
oocyles from an unrclated donor, and therefore
may avoid immunologic rgection due o antigens
encoded by the mitochondrial genome (22).

Using a protocol that had been reported 1o
create panhenogenetically cloned embryos (16),
we generated a set of cight p(MDES cells that
retained complete heterozygosity at all lod, im-
plving genetic identity with the oocyvie donor,
However, these cells were all either tetraploid or
aneuploid, suggesting that they arose from em-
bryos that had filed 0 convert o diploidy
duning the parthenogenctic activation of im-
mature oocyvies. Although these cells retain es-
sentially all of the matermal chromosomes, they
are not true clones and are not likely 1o be a
tustworthy source of tissuces lor transplantation,

The status of matemal- or paternal-specific
impnm genes can be monitored w identity pES
cells. Analysis of the imprnted status of the
Rasgrll locus in 16 piMDES cells confirmed the
maiernal patiem of methylation (fig. 5115 how-
cver, the assessment of imprim loci in ES cells
may be unrcliable given their tendency toward
epigenctic instability (23). The data presenied
here demonstraie that discerning the distinet pat-
terns of homozygosilty and heterevgosity in
ES cell lines through SNP genolyping across
the genome provides a definitive means 1o deter-
mine whether lines are the result of partheno-
genesis, nuclear ransfer, or natral fertilzation,
The diagnostic patterm of a piMIDES cell line is
pericentromeric  homozyzosity and  increasing
heterozygosity as physical and genetic disiance
o the centromeere increases. The diagnostic pat-
tem of a p(MDES cell line is pencentromeric

heterozygosity and an increasing frequency  of

homoeygosity at markers disial o the centromere.
A cell line derived from an embryo produced by
nuckar trarsfer from a somatic cell will, for the
most part, be a complete genetic match of the

nuckar donor, beciuse only rare occumences of

miteic recombimation would alier the expected
pattem of SNP identity. Furthermore, there should
be no discemable tendency for the recombination

of genetic markers at greater distances from the
centromere, Similarky, an ES ecll line denved from
a fertilired blastocyst should be a combination of
sperm o and egg donor haplotypes, agam with no
relationship between frequency of heterozygosity
of markers and distance from the centromere,

Bevond demonstrating the potential for his-
tocompatibility of  parthenogenctically  dedved
lissucs, our experiments provide an analysis of
genetic recombination during  parthenogenctic
activation and distinguish the patems of recom-
bination observed when karvokinesis is inter-
rupled during meiosis 1 or Il Moreover, we nole
that isolation of piMIDES cells ollowed by SNP
genotyping provides a means of genetic mapping
ol loci for phenotypes that can be defined through
the study of ES cells
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Reversible Switching of
Hydrogel-Actuated Nanostructures
into Complex Micropatterns

Alexander Sidorenko,® Tom Krupenkin,® Ashley Taylor,® Peter Fratzl,” Joanna Aizenberg

1w

Responsive behavior, which is intrinsic to natural systems, is becoming a key requirement for
advanced artificial materials and devices, presenting a substantial scientific and engineering
challenge. We designed dynamic actuation systems by integrating high—aspect-ratio silicon
nanocolumns, either free-standing or substrate-attached, with a hydrogel layer. The nanocolumns
were put in motion by the “muscle” of the hydrogel, which swells or contracts depending on the
humidity level. This actuation resulted in a fast reversible reorientation of the nanocolumns from
tilted to perpendicular to the surface. By further controlling the stress field in the hydrogel, the
formation of a variety of elaborate reversibly actuated micropatterns was demonstrated. The
mechanics of the actuation process have been assessed. Dynamic control over the movement and
orientation of surface nanofeatures at the micron and submicron scales may have exciting
applications in actuators, microfluidics, or responsive materials.

daptive materials and devices that
change propertics and function in re-
sponse to extemal stimuli are the focus
of rescarch in fields ranging from medicine and
biology to chemistry, physics, matenals science,
and engineering. A wide range ol artificial re-
sponsive materials, mostly imvolving polvmers,
has heen reported (F-9). Hydrogels are prom-
ment examples of such matenals. Their ¢lastic
networks swell in water, allowing one to achieve
the desired degrees of polymer hydration and
volume changes. A variety of gels that are re-
sponsive 1o humidity, pll, tempemture, elecinic
field, light, and ion strengih have been designed
(-7 and paticrned by means of lithography
(&, 9). These responsive gels have been shown 1o
have potential applications in microfluidics, tis-
sue engineering, and as shape-memory materials,
artilicial muscles, valves, and actuators (/-9
Svithetic routes and [abncation  strategics
leading to new-generation, dynamically tunable
materials are ofien inspired by biological systems
that show a wide range of adaptive responses,
Becently, a number of studies have demonstrated
that vanous physicochemical propertics of biolog-
ical materials that are generally vital for survival
arise from the presence of highly developed sur-
face nano-roughness and exquisite nano- and
microfcatures (f0-12). Nano- and microstruc-
tures that develop on the surfaces of gecko feet,
lotis leaves, and cicada and butterfly wings: for
example. provide these organisms with excep-
tional adhesive, self-cleaning, water-repelling,
and photonic propertics,

'gell Laboratories/Alcatel-Lucent, Mumay Hill, N) 07974,
USA. *Max Planck Institute of Colloids and Interfaces,
D-14424 Potsdam, Germany.
*To whom correspondence should be addressed. E-mail:
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Several efforts have been made 1o antificially
produce nanostructured surfaces in polymeric
materials that mimic binlogical structures and

functions (3, 14). The imrinsic Dexibility of

polymers frequently leads 1o undesired design
outcomes, because the features in soft materials
are poorly controlled in generl and are ollen
susceptible to irreversible collapse (/.5). We re-
ported an altemative approach o the fabncation
of nanostructured surfaces, in which regular
arays of well-defined nanostructures with fea-
ture sizes of ~100 1o 300 nm and aspect mtios

reaching 100 were formed in silicon by means of

the Bosch process (/6). These structures are
siable and their geometry is highly controlled.
This rigidity, however, makes them unsuitable
for use in adaptive materials and devices., A
more promising approach is o create materials
based on a hard'soft combination that capitalize
on the propertics of both elements. Stable super-
hydrophobic surfaces have been fabricated by
using polvelectrolvie multilavers overcoated
with silica nanoparticles (/7). Interesting exame-
ples of chemically, magnetically, and light-
responsive photome erystals, which were made
by dispersing ngad colloidal panticles into hydro-
gels, have been reponted (18, 19). Rodlike build-
ing blocks consisting of gold and polymer
domains have been shown 1o sellzassemble imo
a vanety of supersiruciures (21).

We propose here 1o use the combination of

soft and hard clements to cnable reversible
actuation of rigid surface nano- and micro-
structures that are set in motion by the polymer
layer, We imtegrated a hydrogel (Fig, 1A) with
an army of isolated, high-aspect-ratio ngid
structures (AIRS) (Fig. 1B) into hydrogel-AIRS
assemblics (HAIRS) (Fig. 1, C o E). The AIRS
provide rgidity, structure, and precision, where-
as the hydrogel provides responsive behavior

We anticipated that the combination of the two
would ofler substantial dynamic responses based
on geometncal rearmangements of the hydrogel-
actuated nanostructures.

To achicve these designs, the hydrogel was
formed in the confinemeant between AIRS and a
secondary substrate (Fig, 10) (27), Polyglycidyl
methacrylate (PGMA) partially modified with
acrylic acid, which forms an anchoring interface
that is rich in reactive epoxy groups (22), was

chemisorbed on one of the substrates. A layer of

polvacrylamide gel (PAAG) grafied 1o the sub-
srate via PGMA was formed by photo- or
thermo-initiated in situ mdical copolymenzation
of acrvlamide and N N-methylene-bisacrylamide
as a cross-linking azent (fig. 513 The AIRS used

in our experiments consisted of square amays of

verically orented. uniform nanocolumns with
diameters of = 100 10 300 nm, heights = 5 1o
8 pm, aspect ratis b = 15 w 80, and peno-
diciies p=2 10 4 um (Fig. 1B)L

We developed two hybrid architectures using
cither free-standing (HAIRS-1) or attached

(HAIRS-2) nanocolumns. The key element of

the HAIRS-1 design is the use of hydrogel-
embedded silicon nanocolumns that detach from
the onginal AIRS silicon waler (Fig. 1D) To
achieve the HAIRS-1 structure (lig. 52), the an-
choring laver of chemisorbed PGMA and acrylic
acid was applied to the second surface, whercas
the AIRS remained unmaodilied. The prepolyvm-
crizate solution was inroduced between AIRS
and the modilied confining surface. After polyim-
erization, the two surfaces were separated by
applying shear stress o the “sandwich™ that re-
sulted in the complete breaking of the columns
at the base. The detached columns remained cm-
bedded in the hydrogel film grafied via PGMA
o the confining surface. This procedure was
followed by rinsing and drving of the hydrogel
o remove unreacted monomers and the sol-
vent, causing the contraction of the film and the
associated slanting of the unattached nano-
columns (Fig. 2, A and B). The surface revealad
domains with non-uniform tilt directions, con-
ceivably induced by inhomogencity of the
hyvdrogel film and/or local-surface defiects. The
tlt angle a of the columns observed in several
experiments was 60° to 75 and the exposad
length £ was 1.5 10 2.5 pm. Exposure to humidity

led 1o swelling of the hyvdrogel and relaxaion of

the drying siresses. As a resull, the tilied col-
umns moved o their original onentation per-
pendicular to the surface (Fig. 2C). Upon drving,
the columns returmed to their tilled state. By
adjusting the humidity level using the humidity

chamber (and thus regulating the degree of

hydration and the related volume change of the
hydrogel), we can control the tlt angle of the
nanocolumns,

To measure the actuation ume, the process
was recorded with a high-speed video camer
(241 When a water droplet 15 placed on a dry
sample, the switching 1o the perpendicular
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onentation is extremely st (~60 ms) Movie 51
depicts the process slowed down by about a
factor of 7. The reverse translormation to the
tlted state caused by unassisted drving of the
sample takes ~4 5. Movie 52 depacts the re-
verse process slowed down by a factor of 2,

The latter reoncentation can be accelemted, if

needed, by using airflow in the system and/or
by increasing the temperature, The actuation
cvele was repeated on the same sample more
than 201times immediaely after the preparation
and more than 25 times & months later. No
deterioration or change in the response time
was observed, demonstrating a remarkable
stability and robusmess of the designed actua-
Hon system.

When the anchonng laver of chemisorbed
PGMA and acrylic acid = applicd to the AIRS
substrate and the confining surface is unmod-
ified, the hydrogel film is grafied 1o the nano-
structured  surace (hge S2) In this HAIRS-2
design (Fig. 1E), the hydrogel-embedded nano-
columns remam attached o the original substrate
and bend upon the drving of the polymer lilm

(Fig. 3A). The actuation cycle is similar to that
described for HAIRS-1: Exposure to humidiy
causes the hydrogel to swell and relax, thus
returning the nanocolumns 1o their pempendicular
oratation. To visualize the reorientation process
and the dependence of the il angle on the degree
ol hydration and/or humidity, we placed a droplet
of water on the HAIRS-2 surface and wok an
optical micrograph of the drying edge (Fig. 3B).
The water content and the swelling of the hy-
drogel gradually decrease across this region,
inducing a progressive increase in the il angles
of the nanocolumns,

We further capitalized on these new actua-
tion systems by expanding their capabilities 1o
form reversibly actumted micropatterns with
complex geometnes. Because the ult direetion
of the nanocolumns in the HAIRS-1 design de-
pends on the local defects on the confining sur-
lace, we anticipated that this orientation could be
controlled by deliberately imtroducing a topo-
graphic pattern onto this surface. Indeed. a high-
Iy unitorm tilt direction of the nanocolumns was
achicved by using a conlining surface that was

AIRS - Array of Sicolumns B
1-:i
Integration
c
g |
| e
bending
Transferred
l I e ,ﬁfﬂl;“tf;?ﬂdf & nanocolumns
nanocolumns HIi ” Hfdmgﬁt
un grafted to the
+— Hydrogel il |- GMA-modified
grafted to the dle r
confining surface ila
{glass, patterned t]s
substrate, etc.) ¥
y via PGMA

Fig. 1. (A) Schematic presentation of the structure and composition of the PAAG film grafted to the
Si/5i0; substrate via the PGMA anchoring layer. (B) Scanning electron micrograph (SEM) of a sample
AIRS structure composed of an array of silicon nanocolumns. An inset on the right reveals a banding
pattern (scalloping) that is characteristic of the Bosch fabrication process. The band width is ~200 nm.
(C) Hydrogel synthesis in the confinement of the AIRS and a secondary substrate (a glass slide or a
silicon wafer, either flat or topographically patterned) separated by a spacer of the desired thickness
that regulates the size of the polymer film. (D) Hybrid HAIRS-1 design. The nanocolumns, embedded
into the hydrogel layer grafted to the PGMA-modified confining surface, break from the original wafer
upon the separation of the confining substrates and become fully transferred onto the secondary
surface. The surface topography changes from an amray of highly tilted to wvertically onented
nanocolumns. (E) Hybrid HAIRS-2 design. The hydrogel film is attached directly to the AIRS silicon
wafer. Nanocolumns remain attached to the surface and bend upon drying.

patterned with lines (Fig. 4A ) A variety of more
complex pattems can be achieved by using an
underdying substrate of comesponding topogra-
phy. One such example 15 given m Fig. 4B,
where a honeyeomblike pattem on the confining
surface controls the formation of a complex
structure in which armys of radially orienied
columns form “microflowers”™ that follow the
geometry of the templating surface. An army of
“microtraps.” in which every group of four at-
tached nanocolumns of the HAIRS-2 design is
held together by a hvdrogel, is depicted in Fig.
40, Such complex patterned movements would
be impossible in the reported  artificial-muscle
systems, in which the polvmers ane actuated by
an elecric or magnetic field. Even more im-
portant, these pattems are reversible, i contrast
to the cases of structural rearangement and as-
sembly reported in (260, 23). Structures shown in
Fig. 4, B and C, open and close depending on

(A) SEM image of a dry sample viewed perpen-
dicular to the surface reveals tilted columns
organized in domains with different tilt direc-
tions. The top inset shows a zoom-in view per-
pendicular to the surface. The number of 200-nm
bands n on the emerging portion of the nano-
columns and the length of the column projections
a were monitored to determine the length { of the
exposed manocolumns ( = 200n, measured in
nm) and their tilt angle (sin « = a/l). The SEM of
the cross section (bottom inset) clearly shows the
tilted nanocolumns partially embedded into the
hydrogel layer. 5cale bars in insets, 2 pm. (B and
C) Optical micrographs, imaging the same region
of the HAIRS-1 system in a dry (B} and a wet (C)
state, show the reorientation of the nanocolumns
from a tilted to a vertical position upon the ex-
pansion of the hydrogel. Also see movies 51 and
52 and fig. 53.
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the humidity level, as illustrted in Fig. 4, D and
E. Their movements resemble the responsive
brehavior of camivorous plants or pedicellana
(multyawed mcroforceps-like structures found
on echmodenms), whose movement between the
open and closcd states functions in feeding and
defense and as an antifouling mechanism, pre-
venting the settlement and growth of microorza-
nisms (24). These biological structures essentially
exist as arrys of environmentally responsive ac-
tuators, as do our anificia

dynamic patterns. The
potential of these unique structures for varous
applications is now being explored (235).

From a mechanical viewpoint, there is a major
ditference between the HAIRS-1 and HAIRS-2
systems in the way that the nanocolumns are
deformed. In the case of the HAIRS-1 system,
the columns comespond cssentially 1o sufl ele-
ments loaded under compression, whereas the
shrinking hydrogel exers tensile forces. This
tvpe of design was recogneecd long ago for its

EeEePE A" "s S
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Fig. 3. Microscopy study of the HAIRS-2 struc-
ture. (A} Low-magnification SEM {left) and high-
magnification SEM (right) show the hydrogel layer
that forms characteristic onionlike or conical
features at the bottom of the nanocolumns. (B)
Optical micrograph of the drying edge of the
HAIRS-2 structure taken perpendicular to the
surface. The clarification of the actuation mech-
anism is shown schematically below the micro-
graph. A dashed line in the schematic corresponds
to the focal plane in the image. The degree of
hydration or swelling of the polymer layer de-
creases gradually across the sample from left to
right. Correspondingly, the nanocolumns gradu-
ally change their orientation from perpendicular
to tilted. The whole range of the orientations is
depicted, thus providing a still image of the entire
reorientation process.

wWww.sClencemad.org

cnomous potential in architectural construction
by Buckminster-Fuller, who comed the temm
“tensegnty™ (26), and the concept was later pro-
posed as a mechanical model for the cell
cvioskeleton (27). Such temsegnty structures
consisting of stfl rods conmected by soft springs
under tension are cumently being investigated in
the context of mechanics for their inherent shape
memory and related potential as actuators (28).
The HAIRS-1 system is a realization of tenseg-
rity at the microscale, where the nanocolumns
redirect the ensile forces from the gel (which a
priort would just lead 10 a reduction of the gel-
layer thickness) into a lateral actuation (Fig. 1D,
The movement x is controlled by the volume

change of the gel and the length of the nano-

columns, I vy, and vy represent the volume of

the gel in the wet and the dry state, respec-

i n.:!_\, then cos o Vo' Ve and s a vl 50

that x With the dimen-

3
i \ 1 = (vafve).
sions Wypically wsed i this study, the lateral
410 8 pm. A morc

complex wpography of the confining surlace,

actuation 15 on the order of v

altemative (for example, nongquadratic) arrange-

mens of the arrav of nanocolumns, the use of

nanostruciures of a different shape (such as
blades), or a combination thercol allow for a
varicty of reversible patterned movements at the
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micrometer scale (Fig. 4. A and B, which might
be technically exploited, such as in the comext
of microfluidics or photomics (2.5).

HAIRS-2 systems go beyond the concept ol

tensegniy, m the sense that the beams do not stay
straight and carry compressive loads, but instead

they bend (Fig. 1E) Typically, the stiffness of

thin beams 1s much less m bending than in
compression (assuming that no buckling oc-
curs). As a consequence, a large fraction of the
deformation energy is stored in the bent columns,
which end 1o go back 1o their staight shape
when the tensile stresses from the gel are released
upon rewetting. The amount by which cach col-
umn bends is a measure of the force exented by
the gel, This s i contrast 1o the HAIRS-1 sys-
tem, where the force developed by the gel has
no direet influence on the structure after dry-
ing. Using simple beam theory, we estimated
the force fat which the bending of the silicon
manocolumns in the HAIRS-2 design occurs
(fgs. 54 and 55). This force depends very
strongly on the aspect ratio. For an 8-pm-high
column with an aspect ratio of either 80, 40, 20,
~500 ni,
~8 uN, or 100 pN, respectively. Moreover, the

or 10, the bending occurs at 50 nN,

strain at the base cannot excead the fracture strain
of silicon. The consequence is that columns with
a small aspect mtio can only undergo relatively

g RIROR
-
e AE N e .
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Fig. 4. SEM and optical images showing highly controlled pattern formation in the HAIRS designs.

All the structures reversibly switch to the original vertical orientation of the nanocolumns upon
rewetting. (A} Uniform orientation of the titled nanocolumns in the HAIRS-1 structure templated by
the patterned confining surface that is bearing lines. The direction of the lines is indicated by an
arrow. (B} Regular array of microflorets in the HAIRS-1 structure templated by the substrate
bearing a honeycomb pattern. (C) An example of a complex HAIRS-2 pattern, showing an amay of
microtraps, in which every group of four attached nanocolumns is held together by the hydrogel.
(D and E} Optical micrographs imaging microtraps shown in {C)in a dry (D) and a wet (E} state, The
switching of the nanocolumns from bent fourfold clusters to a vertical orientation is clear.
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small bending and then must break, whereas
columns with an aspect ratio of 80 can fully bend
to touch the surface without breaking, An aspect
o of ot least 20 15 needed lor sullicient
bending of cach beam 1o touch its neighbors 1o
obtain the structure shown in Fig. 4, C and D,
This mechanical assessment makes it possible 1w
design a hydrogel nanocolumns combination that
enables a desired degree of directed actuation,
We have developed hybrid architectures in
which arrays of high-aspect-ratio silicon nano-
columns, either antached or free-standing, are
embedded into a hydrogel film and are actuated
into highly controlled, complex microstructures
upon contraction and/or swelling of the polymer.
The actuation 1s last, reversible, reproducible,
and robust, We belicve that these architectures
may lead to a variety ol applications, including
actuators, controlled reversible-pattern forma-
tion, microfluidics, reversible switching of the
welting behavior, wnable photonic structures,
artificial museles, and release svstems (25).
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Electromechanical Resonators
from Graphene Sheets
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Nanoelectromechanical systems were fabricated from single- and multilayer graphene sheets by
mechanically exfoliating thin sheets from graphite over trenches in silicon oxide. Vibrations with
fundamental resonant frequencies in the megahertz range are actuated either optically or
electrically and detected optically by interferometry. We demonstrate room-temperature charge
sensitivities down to 8 x 107 electrons per root hertz. The thinnest resonator consists of a single
suspended layer of atoms and represents the ultimate limit of two-dimensional

nanoelectromechanical systems.

he miniaturization of clectromechanical de-

I vices promises 1o be as revolutionary in
the coming decades as the miniaturization

of clectronic devices was in the previous ones,
Devices rangmng from nanoscale resonators,
switches, and valves have applications in tasks
as diverse as information processing, molecular
manipulation, and sensing. The prototypical nano-
clectromechanical system (NEMS) is a nanoscale
resonator, a beam of matenal that vibrates in
response o an applied extemal force (/. 2). The
ulimate limit would be a resonator one atom

Yornell Center for Materials Research, Cornell University,
Ithaca, NY 14853, USA. *Pomona College, Department of
Physics, Claremont, CA 91711, USA

*To whom correspondence should be addressed. E-mail:
meeven@ocme.comelledu

thick, baut this puts severe constmints on the ma-
terial. As a single layer of atoms, it should be
robust, sutl, and stable.

Graphite consists of stacked layers of

graphene sheets separated by 0.3 nm and held
together by weak van der Waals forees (3). lthas
extremely high strength, stiffiness, and thermal
conductivity along the basal plane. In addition,
graphite can be exfoliated onto an insulating
subsimte, producing micron-sized graphene
sheets with thicknesses down o a single atomic
layer (4-&), Thus far, rescarch on these thin
graphene sheets has focused primarily on their
clectronic propertics. We demonstrate a method
of suspending smgle- and mubltilaver graphene
sheets over trenches and show that such sheets
can be mechanically actuated. This work also
makes a detailed study of the mechanical proper-

tics of these graphene mesonmors, ineluding
resonance  fnequency, spring constant, buill-in
tension, and quality factor,

Suspended graphene shects are fabncated with
a peehng process similar o that reponed previ-
ously (5-7) In our case, the grmphene sheets ane
mechanically exfoliated over predefined wenches
eiched into a Si05 surface (Fig. 1) (9). The result
is a micron-scale doubly clamped beam or
cantilever clamped o the Si0a surface by van
der Waals attraction. Some devices have prepat-
terned gold electrodes between the renches o
nmake clectrical contact (Fig, 1. A and D)

A noncontact mode atomic force microscope
(AFM) wis used 10 quantittively measure the
thickness of the sheets on the substrate next to the
trench, as shown in the inset in Fig, 1D, However,
for sheets thinner than 2 w0 3 nm, such mea-
surcments are unrchable (-1 2). For these we
used spatially resolved Raman spectroscopy o
determine the number of layers (Fig. 1C) (10-12).
The graphene sheet in Fig. 1B has an AFM-
determined height of 0.9 nm. By comparison
with previous results (f0-12), the shape of the
Raman peak near 2700 cm . suggests the sheel
is two lavers thick over the area Iving on the
51032 substrate (Fig. 1), whereas the section
suspended over the trench is a single graphene
layer.

All resonator measurements are performed m
room temperature and a pressure of <107 o
unless otherwise indicated. The resonators are
actuated by using cither clectnical (Fig, 1A) or
optical modulation, In the case of electrical
modulation, a time-varving madio frequency (')
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Fig. 1. (A} Schemat-
ic of a suspended
graphene resonator.
(B) An optical image
of a double-layer
graphene sheet that
becomes a single
suspended layer over
the trench. Scale bar,
2 um. Each colored
circle corresponds to
a point where a
Raman spectrum was
measured. (C) Raman
signal from a scan on
the graphene piece.
Each colored scan is
data taken at each of
the matching colored
circles. The top scan
is used as a reference
and corresponds to
the Raman shift of
bulk graphite. (D)
An optical image of
few-layer (~4) gra-
phene suspended
over a trench and
contacting a gold
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electrode. Scale bar, 1 um. (Inset) A line scan from tapping mode AFM corresponding to the dashed line in the optical image. It shows a step height of 1.5 nm.
(E) A scanning electron microscope image of a few-layer (~2) graphene resonator. Scale bar, 1 pm.
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Fig. 2. (A) Amplitude versus frequency for a 15-nm-thick multilayer graphene resonator taken with
optical drive. {Inset) An optical image of the resonator. Scale bar, 5 pm. (B) Amplitude versus
frequency taken with optical drive for the fundamental mode of the single-layer graphene
resonator shown in Fig. 1B. A Lorentzian fit of the data is shown in red.

voltage 817, at frequency [is superimposed on top
of a constant voliage and applicd to the graphene
sheet. The result is an electrostatic force between
the suspended graphene sheet and the subsimie

Fa =12 CAVIP + GV e ar, (1)

where €' is the derivative of the gate capacitance
with respect o the distance w the gate, and I',;’“
and 81, are, respectively, the de and time-varying
rl voltages applicd w0 the gme (/3). For optical
actuation, the mtensity of a diode laser focused
on the sheet 15 modulated at frequency )
causing a periodic contraction/cxpansion of

the layer that leads to motion, In both cascs,
the motion is detected by monmitoring the re-
flecied light intensity from a sccond laser with a
fast photediode ( 9).

Figure 2A shows the measured amplinde
versus frequency for a 15-nm-thick sheet sus-
pended over a S-um wrench. Multiple resonances
are observed, the most prominent one at the low-
est frequency. We associate this dominanm peak
with the fundamenial vibrational mode; s
detected mensity is largest when the motion is
inphase across the entire suspended section, We
will Timit owr discussion primarily to this fun-
damental mode. A [t o a Lorentzian vields a
resonant Irequency fo = 42 MHz and a quality

factor O = 210, Figure 2B shows similar resulls
for the single-laver graphene resonator from Fig.
IB: f5 = 70.5 MHz and 0 = T8, Figure 3 shows
the results of measurements ol 33 resonators with
thicknesses varving Irom a smgle atomme layer o
sheets 75 nm thick. The frequency fp of the fun-
damemal modes varies from | MHz to 170 MHz,
with quality factor (Yol 200 1o 850,

For mechanical resonators under tension T,
the fundamental resonance mode fo is given by

:H ”':- P .I."_"i, J -f.ljz %
A2057T |'.|f_21w: 2

fo
(21

where £ is the Young's modulus; p is the mass
density: £, v, and L are the dimensions of the
suspended  graphene sheet; and the clamping
cocilicient, 4, is 103 for doubly clamped beams

and 0,162 for cantilevers (f4) In the limit of

small tension, Eg. 2 predicts that the resonance
frequency fo scales as ¢42, Figure 3A shows the
resonant lrequency of the fundamental mode for
resonators with £ > 7 nm as a function of L7
plotted as filled squares. Also ploted is the
theoretical prediction, Eq. 2. in the limit of zero
tension, for both cantilevers and beams, where
wi have used the known values for bulk graphite
o= 2200 kg'm® and E = 1,0 TPa (3). This is a
valid comparison considering the extensive
theorctical and cxpenmental work that shows
the basal plane of graphite to have a similar value
for £ as graphene and carbon nanotubes (3, 15).
To accoum for possible ermors in E, we plot
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dashed lines that comespond 1o values of £ = 0.3
TPa and 2 TPa. The data follow the predictions
reasonably accurtely, indicating that thicker
resonators are in the bending-dominated limit
with a modulus £ characteristic of the bulk
material, This s among the highest modulus
resonators w date, greater than 53 o 170 GPa in
12- 1o 300-nm-thick Si cantilevers and similar to
single-walled carbon nanotubes and  diamond
NEMS (13, 16, 17). In contrast to ultrathin Si
cantilevers, the graphene wesonators show no
degradation in Young's modulus with decreasing
thickness (/7).

The resonant frequencies versus ¢ for the
resonators with « = 7 nm are shown as open
squarcs in Fig. 3A. The frequencies of these
thinner resonators show more scauer, with the
majonty having resonant frequencies higher than
predicted by bending alone. A likely explanation
for this is that many of the resonators are under
tension, which increases f (see supponimg online
text). The tension likely results from the fabrica-
tion process, where the frction between the
graphite and the oxide surface during mechanical
exfoliation stretches the graphene sheets across
the trench.

180
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0010 0015  0.020
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n i
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The single-layver graphene resonator shown in
Fig. 1B illustrates the importance of tension in
the thinnest resonators. 11 has a fundamental fre-
quency fo = 705 MHe, much higher than the 5.4
MHz frequency expected tor a tension-free beam
with r =03 nm, L= 1.1 pm, and w = 1.93 pym.
From Eg. 2, this implics that the grmphene
resonator has a buili-in tension of 7= 13 nN,
From the expression ALL = TAEA), this corre-
sponds 1o a strain of 2.2 =« 107,

An importan measure of any resonator is the
nomialized width of the resonance peak charac-
terzed by the quality factor = fo/AL A high ¢
is essential for most applications because it in-
creasces the sensitivity of the resonator to extemal
perurbation, A plot ol the {0 versus the thickness
for all the graphene resonators (Fig, 3B) shows
that there is no clear dependence of @ on
thickness, This contrasts with results on thicker
NEMS resonators {abncated trom silicon (/8).
The quality factors at room lemperature ane lower
than diamond NEMS (2500 10 3000} of simular
volume and significantly lower than high-stress
SizNy nanostangs (200,000, yet similar to those
reported in single-walled carbon nanotubes (50 10
100y (13, 16, 19). Preliminary studies on a 20-

B
oo 1
| |
o a®
400} -
=" g = .
ﬁ' | m "
n 1 L i 1 L .
(1] 10 20 30 40 50
Thickness (nm)

Fig. 3. (A} A plot showing the frequency of the fundamental mode of all the doubly clamped
beams and cantilevers versus #1°. Cantilevers, triangles; doubly clamped beams with ¢t = 7 nm,
filled squares; doubly clamped beams with t < 7 nm, open squares. All thicknesses are determined
by AFM. The solid line is the theoretical prediction with no tension and E = 1 TPa. The dashed lines
correspond to £ = 0.5 TPa and 2 TPa. (B) The quality factor of the fundamental mode versus

thickness for all resonators measured.

8V, (mV)

70

nm-thick resonator found a dramatic increase in
{?with deercasing temperature (2= 100 at 300 K
o O = 1800 at 30 K). This suggests that high (2
operation of graphene resonators should be pos-
sible at low temperatures.

Even when a resonator is not being driven, 1
will still oscillate duc 1o thermal excitation by a oot
mean square (RMS) amount g = (kg%
where kyr = mgr o = 0.735Lwtpoy” is the
effective spring constant of the mode (7). An
example is shown in Fig. 4A, where a S-nm-thick
resonator with fy = 35.8 MHz and xz= 0.7 N'm
has a room-temperature thermal RMS motion
of X = 76 pm. For resonators for which the
thermal vibrations can be measured, we usc this
thermal RMS motion to scale the measured
photodetector voliage with resonator displace-
ment (see supporting online text). Figure 4B
shows such a rescaled plot of the displacement
amplitude versus rf drive voltage. The resonator
is linear up o displacements of 3 nm, or on the
order of 1ts thickness, where nonlincantics asso-
aated with additional tension are known 1o set in
{2). This nonlinearity is characterized as a de-
viation from a linear increase in amplitude with
driving foree and accompanied by a decrease in
£ Fig. 4B).

Two applications of nanomechanical resona-
tons are ulimlow mass detection (see supporting
online text) and ulrasensitive foree detection.
The ultimate limit on the force sensitivity is set by
the thermal Nuctuations in the resonator:

dF' = |4 ke (kg TYO 03g)'? (3)

For the resonator in Fig, 4A, this results in a lonce
sensitivity of 0.9 FN/Hz"™. From Eq. 1. this cor-
responds to a charge sensitivity of dQ” = dF’
dV* = 8 = 107" e/Hz", where o is the
distance between the graphene sheet and the
gate electrodes. This is a high sensitivity dem-
onsirated at room lemperature; @t low emper-
aures, with the onset of higher quality factors, it
could rival those of ol single<clectron transistor
clectrometers (1 = 107% e/Hz"*) (20, 21). The high
Young's modulus, extramely low mass, and large
surface arca make these resonators ideally suiad

___thermal |
08

u.'4
&V, (mV)

Fig. 4. (A} Noise power density versus frequency taken at a resolution bandwidth of 1 kHz. (Inset) An optical image of the resonator. The resonator has
dimensionsf=5nm, L = 2.7 um, and w = 630 nm. Scale bar, 2 um. (B} Amplitude of resonance and quality factor versus iV, for '.-","‘ =2 V. (C) Expanded view of

(B) for small &1,
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Tor use as mass, force, and charge sensors (22-24),

The application of graphene NEMS extends
breyvond just mechanical resonators. This robust
conducting membrane can act as a nanoscale
supporting structure or atomically thin membrane
separating two dispamte environmenis,
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Improved Oxygen Reduction
Activity on Pt;Ni(111) via Increased
Surface Site Availability

Vojislav R. Stamenkovic,»** Ben Fowler,? Bongjin Simon Mun,? Guofeng Wang,*
Philip N. Ross,? Christopher A, Lucas,® Nenad M. Markovi¢™*

The slow rate of the oxygen reduction reaction {(ORR) in the polymer electrolyte membrane fuel cell
(PEMFC} is the main limitation for automotive applications. We demonstrated that the PtzNi(111)
surface is 10-fold more active for the ORR than the corresponding Pt{111) surface and 90-fold
maore active than the current state-of-the-art PU/C catalysts for PEMFC, The PtzNi(111) surface has
an unusual electronic structure {d-band center position) and arrangement of surface atoms in the
near-surface region. Under operating conditions relevant to fuel cells, its near-surface layer
exhibits a highly structured compositional oscillation in the outermost and third layers, which are
Pt-rich, and in the second atomic layer, which is Ni-rich. The weak interaction between the Pt
surface atoms and nonreactive oxygenated species increases the number of active sites for

0, adsorption.

wen a polvmer electrolyte membrane

fuel cell (PEMFC) is used inoa de-

manding application such as an auto-
mobile, it must overcome the kinetic limitations
on the oxygen reduction reaction (ORR), which
have led w three fundamental problems (f-3).
First, the substantial overpotential for the ORR
(61 at praciical operating current densitics
reduces the thermal efficiency well below the
thermodynamic limits, typically 1o about 43%
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tory, Argonne, IL 60439, USA, *Materials Sciences Division,
Lawrence Berkeley National Laboratory, University of Calk
fornia, Berkeley, CA 94720, USA. *Oliver Lodge Laberatory,
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South Caroling, Aiken, 5C 29801, USA,

*To whom correspondence should be addressed. E-mail:
wrstamenkevicg@anl.gov (V.RS.): nmmarkevic@ant.gov (NMM.)

at 0.7 V [versus the theoretical thermal efficien-
¢y of 83% at the reversible potential for the
ORR (1.23 V)], Sccond, an approximately lve-
fold reduction of the amount of Pt (platinume-
loading) in current PEMFC stacks is necded 10
meet the cost requirements for large-scale auto-
motive applications (/{). Finally, the dissolu-
tion and/or loss of Pt surface area in the cathode
must be greatly reduced.

These limitations could be eliminated irstable
cathode catalysts, with an order of magniwde
increase in the specilic activity over that of state-
of-the-an PUC catalysts, can be developed (10,
In the hope that a combination of differem metals
would have improved catalvtic activity and sta-
bility relative 1o those of a pure metal, the ORR
has been studied on numerous bi- or multime-
tallic alloys (6, 8, 11-17). These studics have led
to incremental improvements to catalyst perform-

ance, but large increases in activity have yvet 1o
be realized.

Rather than use a trial-and-error or combi-
natorial approach, we have examined sclecied
cathode materials with well-characteriaed  sur-
faces so that the mechanism ol action can be a-
tnbuted to a specitic property (at the atomie and
molecular level) of the surface under study. In
this way, we can determine (i) whether the
kinetics of the ORR are structure-sensitive, (1)
the composition ol the opmost surface atomie
lavers (the segregation profile), and (i) how
alloying [usually described in werms of the li-
gand effect orand ensemble effect (f8-20))
alters the chemical propertics of the surfaces.
Similar approaches are commonly used in gas-
phase catalysis (2/) under ulirahigh vacwum
{UHV) and near-ambient conditions, but alloy
surface chemistry on single-crysial surfaces o
clectrochemical interfaces is relatively unex-
plored. These aqueous interfaces are more com-
plex in that they necessarily contain solvent and
clectronic/ionic charge, and (experimentally) it
is very challenging but still tractable to use in
sitn surface-sensitive methods 1o charactenze
potentialimduced changes in the surlace prop-
crtics and reactivity,

We have used a combination of ex situ and in
silu surface-sensitive probes and density  func-
tional theory { DFT) calculations 1o study the ORR
on PigNithk() single-crysial surfaces, identify
which surface propertics govern the vanations
in reactivity of PINi catalysts, and datermine how
surface structures, surface segregation, and inter-
metallic bonding affect the ORR kinctics. Well-
chamcterized PiNG single-cryvstal dlectrode surfaces
were formed and chamcterized with UHY methods
for surface preparation and surface analysis, These
surfaces were transfomed inwo the electrochem-
ical envimnment without airfbome contamina-
tion, and the stability of the UHV-prepared
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surface was determined with a combination of
i situ surface-sensitive probes with clectrochem-
1cal methods so that activity relationshups could be
obtaned n real ime.

The resulis ol the preparation and charac-
terization of PLyNighkd ) alloy surfaces in UHY
arc summanzed in Fig. 1. The surface-scnsitive
technigues that were used e luded low-cnergy
elecron diflrmcuon (LEED), Auger electron spec-
troscopy (AES), low-encrgy ion scattering (LEIS),
and synchrotron-based  high-resolution ulira-
violet photoemission spectroscopy (UPS) (see
methods in the supporting online material). Each
of these methods has cenain advantages, and
they vield complememary mformation. The sur-
face symmetry obtamed from LEED analyvsis
shows that, whereas the PiaMNil 1) surface ex-
hibits a1 = 1) pattern (Fig, 1D} (1., that ol the
bulk termination), the atomically less dense
Pig ™ L) surface shows ail * 5) reconstruction
pattern (the so-called “hex™ phasce) n both the
[0011] and [01-1] directions { Fig. 1E). Analysis of
the PugMa(l 10y LEED data(Fig. 1F ) indicates that
this surface may exhibit a mixiure of (1 = 1) and
(1 = 2) periodicitics, the later being known as the
(1%2)

The composition of the oulermost alomic
laver was obtained with LEIS, as previously
shown for PiNi polverystalline alloys (15, 230
alter a final anneal, the surface atomice lyver of all
three P Nithd ) crystals is pure PuiFig. 1B) [ie.,
all form the so-called Pi-skin structures (f7, 200)].

missing-row stracture (22),

Previous studies of PINI single-crystal surfaces in
UHV had indicated that this surtace ennchment
of Pt m the first laver 15 counterbalanced by s
depletion e the next two o three atomie layers,
s0 that the concentration profile oscillites around
the bulk value (24, 25). We demonstrated that
segregation-driven near-surface compositional
changes result in distinetive clectronic propertics
of the PONi &) alloys.

The surace electronic siructures were ob-
tained from the background-cornected UPS spec-
tra (26). As summarized in Fig. 1€, the d-band
density ol states (DOS) is structure-sensitive,
and the position of the o-band center shills from

270 eNVon PuMNif L 10y -3 10 eVon Pis™Nil11)
o -3.14 ¢V on PuNi100) Furthermore, the
DOS of the alloy surfaces s quite different from

that of corresponding pure Ptsingle erysials: that
15, on the (11O (100), and (111} allov surfaces,
the d-band center 15 downshified by about (.16,
0.24, and 0.34 ¢V, respectively. An imponant vet
largely uncxplored issue i surface electrochem-
istry on alloys 15 understanding how chemisorp-
tion energies correlate with the average energy
ol the d-state on the surface atoms to which the
adsorbate binds (.., the ligand cfiect). To dothis,
we compared the nesults on the (111 surfaces

with the same composition and arangement of

surface atoms but with a different d-band center
position, Although we are highlighting how
the difference between the electronic surface
structures of Pac111) and PtaNi 11 1) can affect

Fig. 1. Surface characterization of _| " : " '
the PtsNi single aystalsinUHVand 2L A AES
electrochemical envircnments, (A} 2
AES spectra. (B) LEIS spectra. BE,,  §)
where E is energy of scattered g |
electrons, and Ey is the energy of IE Nigss
the incident ion beam. (C) UPS  Zf
spectra. (D to F) LEED patterns with = PLNi(hii)
comesponding ball models. (G to 1} L sl e
Cyclic voltammetry (CV) in HCIO, 200 400 600 80O
(0.1 M) as compared to the voltam- Auger Electron Energy [aV]
metry of the corresponding Pt , . . .
single crystal (gray curves). RHE, 8 B LEIS
reversible hydrogen electrode. g I 1
l Por |
2]  PuNi(hki)
5| ~
= Surface composition = 100% Pt
02 04 06 08
E c UP?\__'_,_,-F-\—-‘l
e / [
;- 5
‘E — 1
‘l.'_ﬂ_r {(111) :.___
oy
§ | (100) |
£ IL
I (1100 PIEHI |
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the adsorption of spectator species and the ki-
netics of the ORR, the findings are gencrally
applicable to other single-crvstal alloy surfaces.
We next determuned the stability of a surface
alter transler rom UHY inte the clectrochem-
ical environment. Surface x-ray scatlering (SX5)
wis used to charactenize both the potential
rnge of stability as well as the near-surface
composition of the alloy in situ. Only results for
PiyNi( 111y are presented because they provide
the most uselul information about the potential-
induced changes in the surface structure and
segregation profile; a briel description of results
for (110} and (100} can be found in (27). The
termunation of the Pra™Nu 111 latice s the surface
in terms of elemental composition and surface
relaxation was determined by measurement and
analysis of the erystal tuneaton rods (CTRs)
(283, PNl 111} has the ace-centered cubic (foc)
lattice with random occupation of sites by P1and
Ni, and this lattice gives nse o SXS similar o
that obtamed rom a monoerystalline fee latice.
Sensiivity 10 atomie layer composition 15 en-
hanced by the use of anomalous x-ray scallering
technigques in which the incident x-ray encrgy is
uned 1o an alomic adsorption edge of the ma-
terial (29). Thus, from SXS, we obtained infor-
mation aboul the positions and compositions,
both in the surface and subsurface layers. The
CTR analysis shows that, at (LO3 V, the first laver
is composed entirely of P1and, whereas the sec-
ond atomic laver is Ni-rich (52% of Wi as com-

cv
PLNi(111) 5l G | ]
PLMNe111
ot |r\“ A \H
plix1) =0r ! oM MO, |
00 02 04 06 08 10 12
PLNi(100)

1.2
P!3N|[11{J:| e
PH(110) g
_I|-"E
2t 1
(110)-{1x1)
20k 4

000204 0608 10 12
E [V] vs. RHE
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prared to 25% of Wiin the bulk b the third laver is
again Pt-cnriched (87%) (Fig. 2A) Having
determined the nearsurface structure at 0,05 'V,
the potential wis eveled while the scattered x-my
intensity was measured at a CTR position that is
sensitive o surface relaxation and surface rough-
ness (Fig. 2A) We find than both the PNi(111)
surlace structure as well as the scgregation pro-
file are completely stable over this potential range
because the changes in the x-ray scattering
signal are fully reversible, and we find that the
decrease in intensity at positive potential is con-
sistent with an inward relaxation {contmgtion)
of the surface momic laver (this resull is con-
firmed by similar measurements at other recip-
rocal lattice positions), The contraction of Pt

surface atoms s induced by the adsompuion of

oxyeenated species, which s deternmned by the
Ni-induced modification of the Pt-skin electronic
structure, A direct consequence of contraction
of the topmost layer of Pi-skin at the potentials

higher than 0.8 V is the increased stability of

Fig. 2. In situ character-
ization of the PtyNi(111) 0.0

this surface over corresponding pure P11y,
which was additionally confinmed by prolonged
cycling n the designated potential range.

The relanons between the surface electrome
propenties and the potential-dependent surface
coverage by adsorbing specics (the adsomtion
isotherms in Fig, 20) were established by com-
paring the experimentally determined position of
the o-band centers to the fractional coverages of
adsorbed hydrogen (H” + ¢ = Hypg, whene Hypg
refers 1o the underpotentially deposited hydro-
gen) between 0.05 < E < 04 V, where £ is the
applied potential, and hydroxyl species (2H20
Oy + HaO" + ¢, where OHyy is the adsorbed
hvdroxyl laver) above 006V (Fig. 2C). Carcful
mspection of the volimmograms in Fig. 2B
revealed that on Pul 11 skin, which consists of
the same surface density of Ptatoms as Pl 11 ), a
dramatic negative shifi (=015 V) in Hypy
formation and positive shift (=0.1 V) in OH,,
formation occurred relative o P11 In agree-
ment with the onset of adsorption, on PyNi( L),

E [V] vs. RHE

surface in HCLO, (0.1 M)
at 333 K. (A SXS data
and (A’) concentration
profile revealed from SX5
measurements. at. 9,
atomic % (B) Cyclic vol-
tammetry in designated
potential reqion (red curve)
as compared to the vol-
tammetry obtained from
Pt{111) surface (blue
curve). (€ Surface cov-
erage calculated from cy-
clic voltammograms of
PtsNi(111) (red curve)
and P{111) (blue curve);
polarization curves ob-
tained from rotating ring
disk electrode (RRDE) mea-
surements. Cagge surface
coverage by adsorbed
spectator oxygenated spe-
cies. (D) Green scale re-
fers to hydrogen peroxide
production in designated
potential region and (E)
ORR currents measured 0
on PtsNi(111) {red curve),
Pt{111) (blue curve), and
polycrystalline Pt (gray
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of Hapa adsorption/desorption processes, double-layer region, and region of OH,g layer formation,

respectively,
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the fractional coverages by Hy and Oy
1O apa and Gopsg) were dramatically reduced
by 30% relative to P11} which 15 in agree-
ment with the large downshill (034 ¢V of the
d-hand center position on the Pt=skin structure,
As shown in Fig. 1, H and [, similar changes
occurred for the other two single-crystal
surfaces, On the Py 100kskin, g was reduced
by =15% rclative to Pul00), and Oppyy was
reduced by =25%. On PiNi(l10), small bu
clearly discemable decreases in Oy (=1000)
and the [ractional coverage by Olly (Oayb
(=204} were observed relative 1o Pi110),

To describe these effects quantimtively, we
performed DFT caleulations, using pseudopoten-
tials snd a planc-wave basis set, on the adsomption
of OH and H.0 at 0.25 monolayer coverage on
modeled P11 surfaces, with second atomic
lavers containing 0 or 30% Ni atoms. In acid
solutions, OHyy would react with H" and form
H.0) on the catalyst surface. The change in the
reversible potential AU ofthe above reaction on
Pt 111} resulting from sublayer Ni atoms is

AU® = [Eyis(OH)p, — Eats(OH )ppy;

Ends:“‘!.(:”'p‘ .Exh_f”:{hﬁ,\'i}'_ { ll

Here, Eg(OH )y, Eua(H0)p, Egg(OH) .
and Egy (H50 ). are the adsorption energies of
O and HaO on Pu LY with or without sublaver
Ni atoms, respectively, and F s the Farmaday
constant. The DFT calculations show a positive
shift of AU = (0L10 V when the sublaver has
50% Ni atoms, The experiment and theory thus
reach an excellent and quantitative agrecment in
this case and clearly establish an electronic
clfieet of subsurface Ni on the Pi=ObH chemical
bonding.

The ORR is a multicloctron reaction (/205 +
2H + 2¢ = Ha0) that may include a number of
clementary steps involving different reaction in-
termediates (7, 30). We proposed that the rate of
the ORR can be expressed as

i = nFKco, (1 — On ) exp{ BFE/RT)

expl-2AGy (RT) (2)

where 7 is the measured current; w, £, K, E, x,
[, . and R are constants |(3); for delinitions, sce
(#1)] ; co, is the concentration of O3 in the so-
lution, Gy is the total surface coverage by ad-
sorbed spectator species [hyvdroxyl and anions:
for example, O,y (Bgy) and specifically
adsorbed anions (Oaga)li Alng is the Gibbs
energy of adsorption of reactive intermediates,
and Tis emperature, In the derivation of Eq. 2, 1t
is assumed that (1) the ORR takes place on elec-
trodes that are modified by OHug, anions, ac.,
and (1) the reactive mtermediates (Os and Ha(s)
are adsorbed 1o low coverage (e, they are not
a substantial part of By).
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Based on these assumptions, the Kinetics of
O3 reduction are determined by the number of
free Pt osites available tor the adsorption of O,
{the 1 — Oggtenm in Eq. 2) and by the Al of Ok
and reaction intermediates (the Ay termin Eq. 2)
on metal surfaces precovered by Oy, We used
this reaction pathway and rate expression [irst
to analyze the effccts of electronic propertics
on the kinetics of the ORR on PN 111 ) and
Pullly and then, by comparing activities on
different PiaNithk surfaces, o establish strue-
ture sensitivity,

A chamacieristic set ol polarization curves
(the relation of i versus £) for the ORR on P1-
poly, Pl and PaNi 1) surfaces in HCMO,
(0.0 My o 333 K s summarized in Fig. 2D, For
all three surfaces, the polariztion curves exhibi
two distinguishable potential regions. By starting
at (05 Voand scanning the clectrode potential
positively, well-detined diffusion-limiting cur-
rents [rom 0.2 w0 0.7 Vare followed by a mixed
kinetic-diffusion control region between (008 <
E < 1.0 V. Further inspection of Fig. 2D reveals
that the ORR kinctic is acceleraed on the P11}
skin relative to P11}, causing the positive shift
ol 100 mV in the halFwave potential. Given that
Eopgg & attenuated on the P-skin structure, the
key pammeter that detenmines the unusually
catalytic activity of PN 111 is the low cover-
age by OHgy [1e., the (1 — Oopa) temm in the
kinetic equation for the ORR]. Additional con-
firmation that the fractional coverages by specta-
tor species are indeed controlling the kinctics off
the ORR was found by analyzing the results in
the potential region where the adsorption of
hydrogen is taking place (£ < 0.2 V). Because

of the lower coverage by Hypg, the production
of peroxide is substantially attenuated on the
Pr-skin surlace. At the fuel cell relevant potentials
(£ = L8 WV, the observed catalyvue activity lor the
ORR on PisNi(111) is the highest that has ever
been observed on cathode catalyvsts, including the
Py N 100y and PigNic 1 10) surfaces.

Synergy between surdace geometry and sur-
face electronic structure for the ORR is illustmed
in Fig. 3. As summanized, the different low-index
surfaces have markedly different activity for this
reaction [that is, PtyNi{100)skin = PiaNi( 110}
skin === PuNi(ll1Fskin, with the change in
activity between the least active (100) and the
most active (111 ) surfaces being gremer than an
order of magnide|. Structure scensitivity of the
ORR on the Pt low-index single-crvstal surfaces
mn perchlorie acid has been well established (3,
with activities increasing in the order P 100) <<
Pu 101 = Pu 110y (Fig. 3). These differences have
been attributed o the structure-sensitive adsom-
tion of OH,y on Pilikly and its inhibiting {site
blocking) eflect on Oy adsorption. In the potential
region of OH adsorption, the structure sensitivity
ol the PiaNithklrskin surfaces has the same
origin.

In order to reveal the role ol the electronic
structure onto ORR Kinetic, we compared elec-
trodes with the same surface momhology. The
most pronounced elfect was observed on the
(111 surfaces. For the same pll = 1) arrange-
ment of the topmost laver, the same surlace
atomic density, and the same surface com-
position { 100% Pty but for a ditferent electronic
structure ((Adp iyl = 0.34 eV, where Adpgy s
the d-band cenmter shift), the ORR 15 being

worgnology (1) (100) (110)
w ]
E L 4
[ s 4
g F .
E? | :
=3 ‘
> [ 1
Zo | ]
s '
£% | 116300y =0.24€V Iadyqgl=0.166V ]
g % E Alyyyy,i=0.34 €V '
g3 ] B - -
@S [pyNi(111) P(111) [PLNI(100) Pt(100) | PtNi(110) P(110)
goandev)| 310 | 276 | 314 | 290 | -270 | -2.54

Fig. 3. Influence of the surface morphology and electronic surface properties on the kinetics of
ORR. RRDE measurements for ORR in HClO, (0.1 M) at 333 K with 1600 revolutions per minute on
PtaNilhkl) surfaces as compared to the corresponding Ptihkl) surfaces (a horizontal dashed gray
line marks specific activity of polycrystalline Pt} are shown. Specific activity is given as a kinetic
current density i, measured at 0.9 V versus RHE. Values of d-band center position obtained from UPS
spectra are listed for each surface morphology and compared between corresponding Pty Nilh&l)

and Ptihkl) surfaces.

enhanced by factor of 10 on Pu 111 }skin rel-
ative to that on Pt(111). Given that extended Pt
surfaces have 5 1w 10 times the activity per sur-
face Pt atoms than the state-ol-the-ann PUC
catalysts that are currently used in the PEMFC
{=0.2 mA cn® al 0.9 V) ([, £, a total 90-fold
enhancement of Pul 1 skin versus that of PVC
has been achieved.

Considering that the PN 111)-skin surface
exhibits the highest catalytic activity that has ever
been detected, the challenge would be to create a
manocatalvsl with elecironic and  morphological
properties that mimic the PN surface, There-
fore in the fuwre, a way to reduce the cumrem
vitlue (~1.0g of Pt per kW) of Pt-specific power
density in a PEMFC without a Joss m cell
voltage, while also mantaming the maxmum
power density (W ent), would be the CNgINecring
of PN -skin-like nanocatalysis,
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Water Catalysis of a Radical-Molecule
Gas-Phase Reaction

E. VGhringer-Martinez,* B. Hansmann,* H. Hernandez,? ). 5. Francisco,” . Troe, B. Abel'*

There has been considerable speculation about the role of water and water complexes in chemical
gas-phase reactions, including the conjecture that water may act as a molecular catalyst through
its ability to form hydrogen bonds. Here, we present kinetic studies in which the effect of water
on the rate of the reaction between hydroxyl radicals and acetaldehyde has been measured directly
in Laval nozzle expansions at low temperatures. An increasing enhancement of the reaction rate by
added water was found with decreasing temperatures between 300 and 60 kelvin. Quantum
chemical calculations and statistical rate theory support our conclusions that this observation is
due to the reduction of an intrinsic reaction barrier caused by specific water aggregation. The
results suggest that even single water molecules can act as catalysts in radical-molecule reactions.

ter introduces many unusual fea-
tures into the kinetics and encreetics
of chemical and biological reaction

systems, which are difficull 1o rationalize on a
maolecular level (f, 7). Bevond the well-known
properties of bulk water, there s evidenee that
evien single confined water molecules in molec-
ular ageregates may have a decisive influence
on gas phase chemistry (3). An intriguing ques-
tion is whether water molecules can even act as
true catalvsts inchemical reactions, for example,
through their ability to form hydrogen bonds. A
number of molecule-water complexes have evi-
denced photochemistry distinet from that of the
isolated molecules (4). Complexes of water with
ozone (3), sulfuric acid (6). nitric acid (7). ni-
trous oxide (4), and chlorine dioxide (9-17) arc
examples of water aggregates that may be im-
portant in atmospheric photochemistry,

Bevond its ability to influence photochems-
istry, water is known to form complexes with
active specics such as mdicals and polar mole-
cules in thermal reactions (4, 12, 13), and such
complexation may alier intrinsic reaction bar-
riers in bimolecular reactions. In addition, the
radical-complex mechanism (74) is well known
to have a characteristic impact on recombination
processes, which could be enhanced by water
molecules. Last, water may act as a panticularly

Ynstiut fir Physikalische Chemie der Universitit Gottingen,
Tammannstrasse &, 37077 Gottingen, Germany. *Department
of Chemistry and Department of Earth and Atmospheric
Sciences, Purdue University, West Lafayette, IN 47907-2084,
s,

*To whom correspondence should be addressed. E-mail:
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efficient collision partiner to collisionally stabilize
imtermediates of such reactions, Unforunately,
all these effects (hereafier reforred to as the
catalysis, the mdical-complex, and the energy-
transfer mechanisms) may influence overall
reaction yields and rates in bimaolecular reactions
(£ and are often difficult to distnguish.

For example, there is experimental (/.3) and
theoretical (4) evidence that the hvdroperoxy
radical (HO9) forms a hydrogen-honded com-
plex with a water molecule, which has the po-
tential 1o affect the Kinetics of HOs reactions.
Along these lines, the mte constant for the self-
reaction of HO, 10 vield HaOy and Oy, which
procecds viaa long-lived intermediate, is some-
what faster in the presence of water than in its
absence (4, 16, I7). A similar effect has been
observed for the reaction of hydroperoxy rad-
icals with nitrogen dioxide in the presence of
water (/8). However, the ongin of the docu-
mented impact of water on the kinetics in gen-
cral remains unclear, Although “prereaction™
complexes of water in chemical reactions have
been suggesied in the past (/6), a conclusive
mechanism and a detailed Kinetic analysis of
the systems were not given. The general prob-
lem for an understanding ol such Kinetic sys-
tems is that they depend upon lemperature,
pressure, and specific molecular parameters and
s0 require a detailed Kinetic analysis using re-
action rate theory and high-level quantum
chemistry (/4).

Following up on a long-standing conjecture
that even single or few water molecules may
alter encrgetics in general and reaction barriers
in particular or favor reaction sites, the goal of

this study wis 1o investigate the role ol water as
a real caalyst in chemical gas-phase reactions
potentially relevant for stmospheric chemisiry
and, in particular, to provide a clear example
for a water-catalyeed radical-molecule reac-

tion. The fast H-atom abstraction reaction of

OH with acetaldehyde proved to be a good
syslem for studving the eflect of water aggre-
gatton on the kinetics, The reaction does not
mvolve long-ived, strongly bound imtermediates
such as those found in other complex-forming
bimolecular reactions, for example. in the re-
action of OH with CO proceeding via HOCO
complexes (£4).

Recent experimental and theoretical work
has provided evidence for the assumption tha
the reaction proceeds predominantly through
abstraction of the aldehydic hvdrogen atom
(49-22). The addition of the OH radical 1o the
double bond does not take place because ils
activation energy is much larger than that for
hydrogen abstraction (23, 24). In addition, the
aldehydic hydrogen atom has a relatively small
binding ¢ncrgy compared with that ol hydmo-
gen atoms in the methyl group. A prereactive
complex CHsCHO=HO has been postulated
by D" Anna ef al. (24) and Alvarez-1daboy er al.
123), and its binding encrgy was estimated 1o be
=18 kJ mol . Although transient prercactive
complexes have not been directly chameterized
expenmentally, their presence has been identified
indirecily in several mdical-molecule reactions
and associated with a negative temperature
dependence of the reaction rate (25, 26). Nielsen
and co-workers calculated barricrs (relative to
the reactant energy) to aldehydic H abstrac-
tion, methyl H abstraction, and OH addition 1o
the carbonyl bond of -14.2 kI mol 121 K3
mol ', and 30.9 kJ mol . respectively (24). A
negative lemperature dependenee ol the reac-
tion raie at higher emperatures has also been

reporied (22) without a theorctical analysis of

the effect

We measured mtes and rate constants for the
Ol + CHyCHO reaction in the presence and
absence of water vapor by using o pulsed Laval
noezle expansion (235, 27 (Fig. 1A) The reac-
tion was followed by laser-induced uorescence
(LIF} to monitor the decay of OH mdical con-
centration, The rate constants were determined
over a temperature range of 38 w 300 K. The
decay profiles can be fied well by an exponen-
tial time law (Fig. 1B). Plots of pseudo-lirst-order
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rate constants versus acctaldehvde concentra-
tions (in nitrogen buller gas) at a constant 1otal
density yield the second-order rate constants.
Two expenments are shown for a temperature
(7)) of 77 K with and withowt added water
vapor (Fig, 1C) From the slopes of the plows,
rate constants of 4.6 < 107" em®molecule™-s™!
and 9.0 = 107" enmolecule™ s ! were deter-
mined. Several experiments were averaged for a
particular temperiture (27), Averaged second-
order mte constants of the reaction of OH with
acetaldehyde alone and in the presence of water
vapor at iemperatures between 300 K and 60 K
are shown in Fig. 2.

Deviation of the plot format in Fig. 2 from
a normal Arthenius-type plot (log & versus 1/T)
15 somewhat arbitrary, and there 15 no reason
to expect a lincarization of the data. Neverthe-
less, the chosen plot is ofien used in cases
where bimolecular rate constants increase with
decreasing temperature. The ongin ol the so-
called negative temperature dependence de-
pends strongly on the molecular system. As
shown below, one reason for the effect may be
a “reel-type barrier below the energy of the
reactants in the entrance channel of the reaction,
as opposed o a much larger barrier in other
cases that would vield the wpical Arrhenius
behavior.

The water content of'the beam was measured
with off-line infrared spectroscopy and deter-
mined to be =3%. The shaded arca between the

PMT

[0
L[]

Laval nozzle

1
|

| ¢ |

Pump

Fig. 1. (A) Laval nozzle expansion apparatus used here. py represents the
pressure in front of the Laval nozzle; V1 and V2, valves feeding the nozzle
reservoir; F, fluorescence; L, lens system for the collection of fluorescence;
M, mirrers; and PMT, photomultiplier. (B} LIF profiles of OH in the reaction
between acetaldehyde and OH radicals (T = 77 K, py = 8.5 x 10

dashed lines connecting the data points marks
the ditference between the two data sets and
Hlustrates the eflect of added water. Expen-
ments of the reaction without added water in
the range between 500 and 200 K mecasured by
Crowley et al. (22y and Michacl ¢r &/, (19} arc
shown and compared with our data point at
300 K (Fig. 2, insets), In our study, we signif-
icantly extended the temperature range and
conlirmed the negative dependence on em-
perature of the reaction rate down 10 538 K. In
addition, small amounts of added water ac-
celerated the reaction (Fig. 21 Although the
effect is small ar 300 K, it becomes prominent
at lower temperatures, The eflect also depends
on the water content of the bulfer gas, I the
concentration of water 15 signilicantly below
3%, no sigmbicant acceleration 15 seen. On
the other hand, a water content of more than
2% Increases aggregation in such a way that
the mtensity of the OH signal 1s signilicantly
reduced, and the reaction becomes difficult to

measure because of an overall quenching of

LIF. From the dependence of the reaction rate
on water and acetaldehvde concentrations and
the density range in which we find a linearity
of the rate versus reactant and water con-
centrations, as well as the experimental ob-
servation that larger clusters (acetaldehyde
and acetaldehvde-water) are much less reac-
tive, tending to decrease the actual reactant
coneentration (and in turm the rate constant), the

experiments suggest that small acetaldchyde-
water clusters as reactants are responsible for
the observed clleet.

We note that we did not measure “pure” rate
constants. Instead, the observed wemperature-
dependent mte constant (T in the presence of
water 1s the sum of two contnbutions from the
unclustered and clustered species, respectively.
Both fractions fo and fuge, are associated with
their mte constants ky and kg This situation
can be symbolically expressed by

MT)=foko + fageerkager (1)

In order to ratonalize the effect of water and
waler clusters on the reaction rate, we performed
quantum chemical caleulations |coupled-cluster
with single and double and perturbative triple
excitations, CCSDIT)] 1o clucidate the ener-
getics and structure of the intermediate species
of the reaction (Fig. 3). Because the accel-
eration ¢ffect has been seen only for small wa-
ter concentrations, we posited a significant role
of single water molecules in complexes with
acetaldchvde. For comparison. calculations
were also carried out for the reaction without
water, We refer to two Kinds of complex: the
hvdrogen-bonded one between acctaldehvde
and water, which acts as a reagent (with OH)
i the experiments with HaO present, and the
transient prercaction complexes for the OH

Bio o
=
=
Excimer-laser - 0.5¢ )
, 248 nm E
! w
- =)
- 0.0 —-— 1
" 20 0 20 40 60 80
' M t (10-%s)
- - - R *-"'.i c 4.0
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va 35} |
' ".:‘ 4 A
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281 nm = &
}2.5 = o
T=TTK
z'nu.u uls 1'.0 1',5 z:u 25
[CH, CHOJ,_, (10" molecule cm)

molecule cm™>, Patdetyde = 1.6 x 10™ molecule cm~?, pon = 15 % 10
molecule em™?). (€) Pseudo-first-order rate constants k as a function of
acetaldehyde concentration (buffer gas Na, T= 77 K, pe = 8.5 x 10
molecule cm™®). Circles, reaction without water; squares, reaction with
water (single experiments),
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plus CHaCHO reaction and for the reaction
between OH and CH2CHO-— H2O hydrogen-
bonded complexes. Optimized structures lor
complexes and transition states with and
without water are shown in Fig. 4. Calculated
structures for the prercaction complex (Fig.
4A) and the transition state (Fig, 4B) in the
absence of water are in agreement with pre-
vious work (24),

According to quantum chemical caleulations
(Fig. 3A), the H-abstrmction reaction is governed
by a shallow well and a small bamier separating
the prereaction complex and the products (H>O
and CH3CO), The barrier considered here may
be described as a submerged barrier or reef on
the path of minimum energy of the reaction, one
whose energy maximum lies below the asymp-
totic reagent energy but above the cardier en-
ergy minimum associated with the prercaction
complex. This situation corresponds 1o a loose
entrance rigid exit complex-forming  bimo-

lecular reaction, as characterized in (/4). with
an overall mte constam expressed as

)

Koeer Kpopwe AN Kooy are specilic mte constants
(27} and depend upon the encrzy and the angular
momentum of the intermediate complex. Specif-
ic mte constants kgyp, and kg, were caleulated
first as a [unction of energy and the angular
momentum. A simplified sianstical adiabatic
channel model (/4) was applicd by using
energies and calculated vibrational frequencies
of the reactants, the precomplex, and the tmnsi-
tion state from our quanium chemistry caleu-
lanons. The determined mte constants at the
energics relevant for the temperntures of this
experiment showed that lifetimes of the com-
plexes are in the lower picosccond rmnge because

k forw

i -
k Am(i'_m,i e (2}

10—-1!’!

k (cm>molecule~'s™")

10--'lll i i i A L i
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Fig. 2. Rate constants k for the reaction -OH + CH3;CHO (H;0) — 2 Hz0 + CH3CO- measured here

with (solid circles) and without (solid diamonds) added water. (Inset) Data from (22} (open
squares), (19} (open circles), and this work (solid square} for the reaction without water. Solid line

indicates simplified SACM calculation.
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of the shallow potential well. A comparison of

the sum of Aprw A Kpase with Lennard -lones
collision trequencies Tor acetaldehyde-N» colli-
sions unambiguously showed that the inter-
mediate, even up 1o pressures of 1 bar, cannot
be collisionally stabilized and that the reaction is
in its low-pressure limit. These findings explain
why no pressure dependence has been found for
this reaction (227

One could argue that the siation changes
when water replaces nitrogen as a collision parnt-
ner Adthough the collision frequency for water
is about 10 times that for nitrogen (28), the aver-
age encrgy trnsfemred in a collision is about 5
times larger ( 28) for water collisions. Therefore,
water diluted to abow 3% innitrogen should not
be more efficient than mirogen alone in stabiliz-
mg the reaction complexes. The large energy
transfer efficiency of water relative to the nitro-
gen bufler gas 1s compensated by its small con-
centration in the syvstem and thus cannot be
responsible for the observed enhancement of the
reaction rale.

We have also used statistical unimolecular
rate theory (27) o caleulate the overall thenmal
rale constant as a function of temperature (/4).
Resulis from the caleulation for the overall re-
action withoul added water explicitly ook into
account the energy and the angular momentum
dependence of the rate constants for the forma-
tion of the prercaction complex, as well as the
competition between forward reaction over the
barrier and backward dissociation according o
the formalism given in (74 (Fig. 2). The observed
negative temperature dependence was well re-
produced, confirming the presence ol the prercac-
tion complex. The observed negative emperature
dependence can be muonalized in terms of the
different energy and angular momentum depen-
dences of the specilic mie constants Kgp,e and
Fpack OF the intermediate complex and the ne-
sulting vibrational and rotational channel switch-
ings (fd). This resull shows that a recl-type
bamier and the comesponding transition state may
be rate-detenmining despite their potential energy
Iving below the energy of the reagents.

Our quantum chemical calculations shed
light on the origin of water’s accelerating cffect

Fig. 3. Relative energies for A CH3CHO + OH B CHZCHO + H,0 + OH
the reaction in the absence 0.0 I t 0 I i
(A) and the presence (B) of .~ L] nln = Y178
water. The energies are cal- 'J'E-'lﬂ-ﬂ 17.9 S 'J'E—W.O-
culated at the CCSDAT) level N b e ] |
of theory with the cnrrel.?th'l 2 -200 pre-reaction  (structure B): 2-20.01 GH,CHO-H,0
consistent polarized triple- g complex (structure A) 1 (etructura D) -
zeta (cc-pVTZ) basis set. ©-30.0 : 2300 gl 44.6 44.0
g 1 g s
o —40.0 H —40.0- % (structure F)
ﬁ : % pre-reaction complex ¢ _...———
: | (structura E)
é =50.0 CHaCO + Hy0 o =50.0
? ' % CH,CO+2H,0 | *
=114.7 =114.7 '
Reaction coordinate Reaction coordinate
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on this H-atom abstraction reaction. First, we
calculated encrzics and stmictures for the reac-
tion i the absence ol water (Figs. 3 and 4, A and
B). The & kJ mol™" barier, i.c., the difference in
energy between the prercaction complex (struc-
ture 4A) and the ransition state (structure 4B), is
consistent with previous results (24), Next, we
optimized the geometrics of prospective ;1
water-acctaldehyde complexes and found two
nearly isocnergetic structures, with water top-
bound in one (Fig. 4C) and side-bound in the
other (Fig. 4D). The top-bound cluster reacts
with OH via a transition state (TS) similar in
energy 1o that calculated for the naked acetalde-
hyde, with no sigmificant impact on the reaction
barrier. In contrast, the side-bound species can
form a eyelic prereaction complex with OHoat a
substantially lower energy (Fig. 4E), leading

also to a substantial reduction of the encrgy of

the TS (Fig. 4F) and thus the barrier of the
reaction. Quantum chemical calculations at the
COSIUTY level of theory that imclude zero-
point energy correction vield an 8 kJ mol™
barrier separating the prercaction complex
from the TS in the absence of water, but only
a 0.6 kJ mol ™' barrier involving the side-bound
acetaldehyde-water complex. Thus, the caleu-
lations show that even a single water molecule
can accelerate the reaction by signilicant bar-
rier lowering.

IF the water enbancement of the reaction rate
is due to a lowering or even a removal of the
imtrinsic reaction barmer of the prereaction water
complexes, Eq. 2 helps in understanding that this
elleet in urn inercases the rate constant, kg, or
the forward reaction while lowering kg, due to

the larger number of molecular degrees of

treedom of the complex (Fig. 4E). In the extreme,
this eflect could increase the overall rte constant
for clustered reactants o the associmtion-limited

value, & = kye, comesponding o the maximal
observable catalytic effect.

As noted above and expressed in Eq. 1, the
measured temperure-dependent rate constant
KTy in the presence of water is the sum ol two
contnbutions, namely, from the clustered and
unclustered species. &y is given by the ned line
in Fig. 2, whereas kgpee because of the near
absence ol an intrinsic barrier, 15 expected to
be close 10 ke and therefore only weakly
temperaure-dependent. The marked negative
temperture dependence of A7) in the presence
of water is therefore attributed 10 that of faggr
and not of kg, For temperatures close to 300 K,
the degree ol clustering fape s small, and the
reaction is not much enhanced. With decreasing
temperture, the degree of clustenng fugee In-
creases, which increases the rate. Together with
the energetics of the reaction, thus, fype controls
the catalytic effect,

From the argumentation above, an mmpoant
quantity is the concentration of CHyCHO-—H,0
hydrogen-bonded complexes in the experiments
where ~3% ol HaO is present in the gas mix-
res. Unfodunately, this quantity cannot be
measured nor casily caleulated, because it may
depend upon the kinetics of the CHCHO + HLO
complexing process, Estimations of foge, from
equilibrivm constants and cquilibrium concen-
trations for the 1:1 complexes (which are an
upper limit to their actual concentration) using
our ab initio data show that the temperature
dependence of the rate constant qualitatively
correlates with f. Tor 1:1 complexes and that
fager may approach unity for temperatures well
below 100 K.

Although the kinetic data and our guanium
chemical caleulations strongly suggest that the
rate enhancement is due o specific water clusters
and that even single water molecules may lower

Fig. 4. Calculated strue- A 1,918 B

tures (A to F) of reactant 1.223 ey 1212
complexes, prereaction \*

compexes, and transition L 1.114 L 1.178

states. Structures {bond “
lemgths in A) are at char-
acteristic points along
the reaction coordinates
(Fig. 3) using the MP2
level of theory with the
aug-cc-pVDZ basis set.
(A) and (B) are the pre-
reaction complex and
the transition state with-
out water, respectively.
{C} and (D) are prospec-
tive water-acetaldehyde
clusters from which (D)
was identified to be rel-
evant for the reaction.
(E} is the prereaction
complex, and (F) is the
transition state for the
reaction in the presence
of water.

1.217 1,933
1.200 )

reaction barriers, the question about the le of
larger clusters anses, At the lowest temperatures
in panciple, larger clusters such & clusters of
acctaldehyde and larger water-acetaldehyde
complexes may also exist 1o some extent, A
significant impact of acetaldehyde clusters can be
more or les excluded, because this manifests
itselfin a pronounced curvature of plots like those
in Fig. 1B. Our experience is that larger clustering
of the reactants obviously decreases the active
reactant concentration. The same argumentation
holds for acclaldehyde-water clusters: larger
clusters will also decrease the effective reactant
concentration. In general, working in concentra-
tion and density regions, where a linear depen-
dence of the mie constamt as a function of
concentration 1s observed, avords these complica-
tons. [t s also known that water forms complexes
with the hydroxy] radical and pure water clusters,
In the present expenment, however, we werne nol
sensitive 1o these tvpes of complexation, because
the rate constants were recorded for constant O1H
and water concentrations,

The catalytic elfea that manifests itsell in an
increase of the overall bimolecular reaction rate is
due to clustering of the reactam a1 specilic sites
and in tum a reduction of an intrinsic reaction
barricr through the formation of specific hydrogen
bonds. The water molocules are not actively in-
volved in the reaction {e.g.. through bond break-
ing) other than forming hydrogen bonds. We are
aware that any general conclusions about radical-
molecule reactions nvolving hydrates may  be
premature. In other related swodies of potential
water catalysis, it was found that, although barriers
are lowered upon hydrmation, the dynamies and
residual bamiers may still be unfavorable for ne-
action (29¢). However, we do anticipate that this
elfieet is not restricted to the HO-CH3CHO sys-
tem but a general low-iemperature feature of a
larger class of reactions of potential relevance
in atmospheric chemistry, Lastly, we note tha
a catalytic role of water in (condensed phasc)
organic reactions has been reported  before.
However, the effect described here should be
clearly distinguished from effects of microsolva-
tion (causing ionic dissociation), classical acid-
base catalysis of organic reactions, and cases in
which water is actively involved as a reaction
partner (e.2., as a proton donor or acceplor).
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Martian Atmospheric Erosion Rates

Stas Barabash,'* Andrei Fedorov,® Rickard Lundin,® Jean-Andre Sauvaud?

Mars was once wet but is now dry, and the fate of its ancient carbon dioxide atmosphere is one of
the biggest puzzles in martian planetology. We have measured the current loss rate due to the
solar wind interaction for different species: Q(0*) = 1.6-10% per second = 4 grams per second
(g5, 000, = 1.5-102% 51 = 8g 572, and Q(CO,*) = 8.10% 572 = 6 g s~ in the energy range
of 30 to 30,000 electron volts per charge. These rates can be propagated backward over a period of
3.5 billion years, resulting in the total removal of 0.2 to 4 millibar of carbon dioxide and a few
centimeters of water, The escape rate is low, and thus one has to continue searching for water
reservoirs and carbon dioxide stores on or beneath the planetary surface and investigate other

escape channels.

ow s the solar wind erosion of the mar-
Hlj:m atmosphere related o the history of

this planet? The “wam and wet early
Mars™ model suggests that Nowing liquid water
caused the surface crosion features, such as
outllow channels. The water was sustained in
the liguid state because ol a much higher atmo-
spheric temperawre in the past caused by a
strong greenhouse effeet. The amount of water
necded 1o produce the observed geomorpho-
logic features is about 600 m o | km ol the
equivalent water layer (/). The amount of
atmospheric pressure needed 1o maintain the
required greenhouse effect would be a few bars
of €03 (2). The inventory of the present
amounts of water and carbon dioxide [the most
recent “nondiscovery™ of carbonates by Mars
Express (7)) cannot vet identify any appreciable
amounts of these matenals comparable with the
amount present on ancient Mars, although the
presence of the water in the past is unambigu-
ously confirmed by Mars Exploration Rovers
(). What happened 1o the martian water and
carhon dioxide? Apart from catastrophic re-
moval of the ancient atmosphere by an impaci
at the end of the Noachian and still-to-be-
discovered hidden reservoirs, the solar wind
erosion is a plausible idea 1o explain the absence
of notable amounts of water and carbon dioxide
on Mars today.

Swedish Institute of Space Physics, Box 812, 98128 Kiruna,
Sweden. *Centre d'Etude Spatiale des Rayonnements, BP-4345,
F-31028 Toulouse, France.

*To whom correspondence should be addressed. E-mail:
slas@irf.se

When the solar wind encounters a non-
magnctized atmospheric planct, a void ol the
solar wind is formed. The void ereated by the
magnetic field resulting from the currents in-
duced in the jonosphere s called an induced
magnetosphere (3). I is separated from the solar
wind by an induced magnetosphere boundary.
Previous investigations (6) based on the mag-
netic field measurements revealed in the same
region a boundary termed the magnetic-pile-up
boundary (MPB). The identity of these two
boundaries is still to be confirmed. The void is
filled by escaping or accelerated ions, which are
the jons from the martian atmosphere with en-
ergy exceeding the escape energy (2.1 ¢V for O7 ).
At least two processes of the acceleration are
established. Those are the pick-up process (7)
and accelemtion resulting from charge separa-
tion due to the electne field (8). Other mecha-
nisms are probably also active. Carlsson e al.
(¥) have established the mass composition of the
cscaping plasma. They found that the fux mtios
of O:/0" and COL/0" are (0.9 and 0.2, re-
spectively, Apan from the escape due w the
accelerated ions, the martian atmosphere crodes
due 1o thermal plasma removal, sputtering. and
loss of fast atoms (mostly oxyeen) resulting
from the exogenic dissociative recombination.

This study repons the escape rates of ions
accelermed to energies in the mnge of 30 10
30,000 ¢V per charge. The earlier measurements
of the escape rate in the similar energy mange
were attempted by the Phobos-2 mission. The
obtained O escape mtes were 3 107 57" (J0) and
510 7' (11 The mte in (/0) is in the Cnergy
range of (L5 1w 24,000 ¢V (the lower limit is

uncerain because of the absence of the spacecrafi
potential control),

The w1al escape rates reported here are based
on the measurements by the on mass analyecr
{IMA} of ASPERA-3 (Analvzer of Space
Plasmas and Energetic Atoms). an instrument
onboard the Mars Express mission (12, 13). The
IMA does not resolve dircetly O7, 057, CO7, and
€057, but the mass composition can be obtained
by fitting of the wide mass peak by Gaussian
peaks corresponding to the individual masses.
The position of the peaks as a lunction of energy
and mass, as well as their width, were obtained in
laboratory and in-flight calibrations (¥). The
technique works reliably except for CO™, which
cannol be separated from Oa'. However, the
ionospheric models (/4) predict the CO" density

to be at least a factor of 100 lower than that of

5" at 300-km height, where the ionosphere
starts to interact with the solar wind (5). We thus
assume that the whole flux associated with the
O OO peak is attnibuted 1o molecular oxygen.
The observational period in guestion is from
1 May 2004 to 30 May 2006, which comesponds
o approximately one martian vear. The spatial
coverage is regarded as dense and statistical ly
suflicient (supporting online text).

The total escape rate is calculated by map-
ping the planetary ion flux disiribution in the
plane perpendicular to the Sun-—planct line. First,
the distribution function measured for three jons,
o, Os", and CO,", along the spaccerafi im-
jectory is imegrated over energy and solid angle.
The obtained integral flux (em2s™) is assigned
tor the orbit imterval corresponding to 192-5 IMA
accumulation tme in the frame of reference
rclated 1o the imerplanctary clectne ficld. In this
Cartesian coordinate system, MSE (Mars-Sun
Electric ficld), centered at Mars, the x axis points
toward the Sun, = coaligns with the interplane-
tary electric field plane, and v completes the
Aght-hand system. The dircction of the electric
ficld, £, is caleulated from the Mars Global
Surveyor measurements (/.5). As shown most
recently by (15), the ion-escape fluxes are or-
ganized by the £-field due 1o specific topology
of the magnetic field in the wake region (where
main variions of the magznetic ficld lic in the
plane perpendicular w0 £y and due 1w linite
mroradius of the planctary jons comparable
with the planctary siee. The planciary ions fill
the whole downtail region inside the MPB up 10

www.sciencemag.org SCIENCE VOL 315 26 JANUARY 2007

501




502

the X 4 (Fig. 1) The flux distribution cor-
relates well with the £-ficld direction (Figs. | and 2),
The escape takes place predommately through
the plasma sheet and adjusted region mside the
MPB with the maximum escape ratle deep insade

the eclipse. The escape arca is rather limited and
is approximately 2Ry = 28w -h"-.'_-.,.z. where Ry
15 the radius of Mars (Fig, 2) It 15 worth noting
that although the maxomum averaged Hux n the

¥

a (s ]
plasma sheet region is about 2-10°7 em ™ 57, the

cm—2 5-1

106

105

Xmse, Bm

Fig. 1. The integral fluxes (cm™ s7%) for all three ions (0%, 0,*, C0O,*) together averaged over the
range —0.8Ry < ¥ = 0.8Ry in the ZX plane of the E-related coordinate system (MSE). For reference,
also shown are Mars (red circle), the eclipse region, and the MPE (red dashed line} as given by the
model of (19), The white dashed lines show approximate streamlines used for averaging to get
maps in the Z¥ plane. The slope of the streamlines is a simple linear interpolation between the
slope of the MPB and the horizontal edge of the eclipse. The vertical red dashed line displays the

position of the mapping plane,

-2 -1 li] 1
Ymse. Rm

Fig. 2. Z¥ maps of the integral fluxes (cm™
imiddle), and CO." (right). The fluxes are averaged over streamlines
outside the eclipse and along the Xmee direction inside the eclipse
(Fig. 1). The average flux distribution is mapped onto the plane Xuse =
—2Ry and collected in the 0.08R, = 0.08Ry, pixel array. For the final

26 JAMUARY 2007

s~ of 0 (left), 0,
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instance flux can reach 5107 em ™ s, which
cormesponds to a planctary lon-number density ol
20 cm . Integrating the maps shown i Fig, 2
over the arca, we obtam the wtal averaged cs-

cape mles lor three specics:

OO0 =16108 5" =457
135 ton year '
G0, )=1.510" s =8gys"
250 ton year !
QCO; ) =8102s"=6gs!

r [
183 ton year

']]1-.,' ratios of the 1otal SO Rlcs relative o OXVECT
are QO YO0 = 0.9 and Q(CO, W07
(13, The main constiuents of the escaping plas-
ma are Oy and O with a submixture of COy .
Although the ratio QO YO is in agreement
with the ratio reporied by (9, QUCO;" 0™
is a lactor of 2.5 higher. This 15 nelated 1o a less
aceurale mass separation i this study between
0,7 and CO; " perlormed automatically. where-
as in (93, 1t was made manually. The numbers
obtained are almost a factor of 100 lower than
those from Phobos-2. The current cscape 1s ¢x-
tremely weak,

Ihe occumence per h]'\;ﬂi:ll bin is |1|"::|!'| |.'|1
least five .\:||!|'||‘l||.'.x e ZY hin |"i'::. 2. and thus
the statistical uncertaimty related o spatial sam-
pling is considered low. The uncertamty factors
related 1o the instrument, platform, and assump-
tions are (1) not full coverage over solid angle,
(it} no mass sepamtion between 057 and CO7
(i) not full mass separation between Oy and
COy, (iv) deviation of the Nux dircction from
the X axi. and (v) uncertaintics in the geo-
metrical factor for low enereies (<300 ¢V). The
overall uncertainties i the measured escape
mles do not exceed 30% (supporting online
text), which is considered low in the context ol
such studices,

cm—2 g1

M08

Ymse, Rm

distribution, only pixels that have been sampled at least five times were
taken into account. All bins with fewer crossings were disregarded. For
reference, we also show the Mars limb, the MPEB cross section at the
distance x = —2Rwm. The direction of the interplanetary electric field is
shown by the red vector,
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Propagating the measured rates backward in
time, one can cstimate the total amount of carbon
dioxide and water, AMICO:) and AAMEH A0,
lost through this particular channel over 3.3
gigavears (Gy) (supporting online ext),

AMICO,) = 0.2 — 4 mbar over 3.5 Gy
AM{H50) < few cm over 3.5 Gy

Using a hybnd code, Modolo er al. (16)
calculated the eseape rates for OF and O, for
dilferent solar conditions. The calculaied 1ol
escape rate for the heavy jons (O and O) s
57107 57, compared 10 3.1-107 57 in this
study: e, the caleulated and measured rmtes are
i very good agreement. Also, the measured cs-
cape rates are in very good agreement with MHD
{magnetohydrodynamics) simulations by (/7).
They provide the rates Q(O") = 2.510% 571,
QO = 29102 571, NCO,") = 311072 57!
Tor the solar mmimum conditions. As can be seen,
even mass composition is quite well reproduced.

Because the caleulated escape rates are in
good agreement with the measured ones at the
solar minimum conditions, we can thus rely on
the caleulated factor of the escape increase for the
solar maximum conditions, Modolo e af. (16)
predicted the factor o be 4.56 for the O cscape-
rate increase, and Ma e af. (17) predicted the
same factor o be 4,58, Scaling the measured rates
on this Bctor brings the wotal escaped amount of
carbon dioxide 1o 0.8 1o 43 mbar, and the upper
limits for water 1o 4 10 70cm. Thus, we conclude
that the solar-activity varialions cannol increasce
the estimated ol cscape on a factor of 100
necded for evolutionary relevant numbers.

The estimated total losses of carbon dioxide
and water are much lower than the few hundncd
meters of HaO and 1 to 3 bar o CO5 required for
the “wet and wamm carly Mars™ model. There-
fore, cither other escape channcls were or are
operational, c.g., impact astmospheric removal,
photochemical or cold plasmabulk cscape, or
water and carbon dioxide are stored in noniden-
tilied reservoirs,

We emphasize that this study considers only
one channel for the escape o space. The

determination of the escape rates in the form of

cold plasma clouds (bulk escape) or via sput-
tering and photochemical reactions is bevond the
scope of the ASPERA-3 experiment capabilities,
To compare the measured escape rates with the
other escape channels, we determmined logarithm-
averiged oxygen cscape mtes over all available
maodels given in the review (/8). The photo-
chemical O ecscape rates are cstimated to be
2-10% 571 on average; the sputtering, 7-10% 57"
and the bulk/cold plasma escape. 1-10°% 57!
|Phobos-2 database (/8)]. As can be scen, atl
least in simulations, estimated photochemical
or cold plasma escape rates are substantially
higher than the reported numbers. Precise mea-
surements of the cold plasma, photochemical,
and sputlering cscape rates must await future
missions.
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Slow Earthquakes Coincident with
Episodic Tremors and Slow

Slip Events

Yoshihiro Ito,* Kazushige Obara, Katsuhiko Shiomi, Shutaro Sekine, Hitoshi Hirose

We report on the very-low-frequency earthquakes occurring in the transition zome of the
subducting plate interface along the Nankai subduction zone in southwest Japan. Seismic waves
generated by very-low-frequency earthquakes with seismic moment magnitudes of 3.1 to 3.5
predominantly show a long period of about 20 seconds. The seismicity of very-low-frequency
earthquakes accompanies and migrates with the activity of deep low-frequency tremors and slow
slip events. The coincidence of these three phenomena improves the detection and characterization
of slow earthquakes, which are thought to increase the stress on updip megathrust earthquake

rupture zones.

onvoleanic deep low-lrequency (/) trem-
Nnr:- and slow ship ovents (24 occur

simultancously in the tmnsition zone (5)
froom locked 1w ascismic slhips at the downdip
portion of the Nankai subduction zone i south-
west Japan., Megathmst canhguakes with scismic
moment magnitudes exceading 8 ocour i this

www.sciencemag.org  SCIENCE WVOL 315 26 JANUARY 2007

region periodically on ~100-vear time scales (6)
There is also a large gap in the source time
properties of two necently discovered mechanisims
of relaxation of accumulated stress inthe transition
zone: Deep low-lrequency tremors (1) predomi-
nantly show frequencics near (0.5 5, suggesting that
the characteristic time scale of the rupture duration

is on the order of | s, wherneas slow slip evenis
{24 ) do not mdiate any seismic waves and cause
crustal deformations that continue tor 2 10 3 days,

Deep low-frequency tremors and  slow slip

events in Japan have been detected by the scismic
network of the National Research Instinte for
Eanth Science and Disaster Prevention (NIED),
which comprises a network of =750 high-scnsitivity
scismograph network (Hi-pet) and 73 broad-
band scismograph network (Fenet) stations (7).
The Hisnct stations provide a high-level detect
ability for deep low-frequency tremors with small-
amplitude signals (). The Hi-nct and F-net stations
also detect verv-low-frequency (VLF) canhquakes
within the accretionary prism at the updip portion
ol the Nankai subduction zone (8-11),

A two-component high-sensitivity horizontal

accelerometer with a wide frequency  response
range [rom 3 He o direct-current component
iHi-net TILT ) is installed at cach Hi-net station
/1) The accelerometers function as tiltmeters;

Mational Research Institute for Earth Science and Disaster
Prevention, 3-1 Tennodai, Tsukuba 305-0006, Japan.

*To whom correspondence should be addressed. E-mail:
yitog@bosai.go. jp
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they are usclul in analvzing shon-term slow slip
events {2-<) Hinet TILT and F-net are also usetul
i caleulating the moment tensor solution of local
canhquakes (/2L

To understand the stress-relaxation: process in
the transition zong, it is imponant o idemify all
seismic and geodetic phenomena, At present, a
large gap exists between the chamcteristic time
scales for the previously identified deep low-
lrequency tremors and those lor slow slip events,
We examined the Hi-net and F-net data with the
use of various bandpass fillers within an overall
rnge of 1w 0005 He in an effon o detect
unidentified long-period seismic signals radi-
ated from the ransition zone. With a handpass
filter of 0,02 100,05 He, we succeed indetecting
distinet, anomalous VLF signals mdimed from
the transition zone near the source region of deep
low-frequency tremors, These signals, observed at
severtl Hi-net TILT and F-net stations, are best
identilicd on the radial and vertical componenis.
The VLF signals (Fig. 1) are accompanied by
wave trins of deep low-frequency tremors, The
apparent velocity estimated from their arival times
at stations with an epicentral distance exceeding
50 km is ~6 km/'s, which overlaps with P-wave
velocities in this region. This value suggests that
the observed VLF signals constitute body waves,

To detect VLF scismic signals and estimate
their hypocentors systematically, we adopted the
erid moment tensor inversion (GMT) approach
{£3-15) in which we assume that the tarea carth-
quake always occurs at a grid point that is amanged
with respect to both space and time. Using this
approgch and continuous seismograms  obtamed
trom Fenet, we calculmed the point source moment
tensor solution at 0.1 horzzontal, 3 km depth, and
1 s interval gnd-poim spacing (fig. S1). First, we
removed time periods that are potentially comtami-
nated with seismic waves from teleseismic and
ordinary regional canhquakes from all the GMTI
solutions, Next, using the F-net and Hi-net TILT
data, we applied the centroid moment tensor in-
version (CMTI) approach (/2. /15)—in which
hypocenters and fault mechanisms of the target
canhquakes are calculated simultancously— o the
remmaining GMTI solutions,

We daected many VLF scismic events coin-
cident with the deep low-roquency tremors and
slow slip events that occurraed from January 0 May
2006 (able S1). These VLF cvents with scismic
moment magnitudes of 3.1 10 3.5 are located on the
beli-like distribution of deep low-frequency rem-
ors along the sirke of the subducting Philippine
Sca plate (Fig. 2). Local ordinary carthquakes with
the same seismic moment magnitude as these VLF
events ane nol listed in any seismic catalog.

We compared a waveform of the VLF event
with that of an ordinary canhquake al the F-net
station UM (fig. 523 Both evems have the same
moment magniiude of 34 and almoest identical
epicentral distance and depth. Both events have
low-frequency  components with similar ampli-
tudes in the mnge of 0.02 1w 0.05 He, However,
the signal of a VLF event docs not constitute any

high-frequency components in the mnge of 2 0
8 Hi. This result suggests another type ol slow
carthquake, which we call a VLF carthquake.
Eanthquakes with simular discrepancies between
amplitudes measured at low and high frequencics
are observed on transform faults and are iden-
tified as slow carthgquakes (/6)

The observed waveforms of VLF canhuakes
are explained by thrust Gulting (Fig. 2 and fig, S3).
The epieenters of VLF carthquakes are confined 1o

a mamow band bound by the surface projection of

30 1o 35-km depth contours of the plale imerface
(Fig. 2). Moreover, their epicenters clearly overlap
with the seismicity of deep low-Trequency tremors,
The depths of the plate imerface are based on the

Hi-net tiltmeter: Radial component

result of the depth varation of the occanic
Mohorovidié discontinuity (the crust-mantle bound-
ary ) calculated by receiver function amalysis (/7).
The thickness of the oceanic crust i this region is
assumed o be -5 km according to an active-source
seismic experiment (/8), The focal depths of VLF
carthquakes are distnbuted across slightly wider
mnges (g, 543 the averaged depths and standard
deviations are 40 = 8 km and 35 + 9 km in the Kii-
Tokai and Shikoku regions, respectively, This wide
depth range can be atibuted 1o the depth variation
with a broad peak of varance reduction caleulated
by CMTI (fig. S3), which suggesis that the focal
depth is not well constrained, However, these focal
depths are roughly consistent withy the subducting

8

Epicentral distance (km)

Fl’assrband: 0.02-0.05 Hz I?
i W 3
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Pass-band: 2-8 Hz Iﬁ

%320 03:30
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dE:l»ﬂ
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Fig. 1. Sample seismograms of a VLF earthquake at selected sites. Radial components at seven Hi-net TILT
stations are shown. The observed waveforms are arranged in epicentral distance order from an estimated
source location. The red and black traces represent the observed waveforms filtered for bands of 0.02 to 0.05
Hz and 2 to 8 Hz, respectively. The vertical bars on the right indicate the displacement amplitudes.
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O
133 134

132

oove

137

Longitude (°E)

Fig. 2. VLF earthquakes (stars), deep low-frequency tremors (circles), station distribution, and
moment tensor solutions of VLF earthquakes. The plus and diamond symbols represent the NIED
Hi-net and F-net stations, respectively. The depth contour indicates the upper surface of the
Philippine Sea plate. The rectangle indicates the area shown in Fig. 3. The yellow triangle indicates
the epicenter of an ordinary earthquake with a moment magnitude of 3.4,
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plate interface. The dip angles of the nodal plancs
dipping landward arc consisient with the slope of
the Philippane Sca plate; the averaged dip angles
and standard deviations are 14 + 8 in the Kii-
Tokai region and 15 + 9 in the Shikoku region,
These values imply that VLF canhquakes may
occur on the subducting plate interface.

The simullancous occumence of decp low-
lrequency tremors and slow slip events has been
observed in southwest Japan (2), These activities
are coincident both spatially and temporally, and
they exhibit a clear migration patiern when the
activity of deep low-frequency tremors is high (4).
A clear northeastward migration of the scismicity
of deep low-frequency tremors and  geodetic
deformations by a slow slip event were observed
in the Ki-Toka region m Jammry 2006 (£9).

Concwrently, an identical migration of the scis-
micity of VLF carthquakes was observed in the
same region {Fig. 3). The mugration pattern of VLF
carthquike scismicity s consistent with both the
deep low-frequency tremor activity and  the
obsenvation of the geadetic deformations.  This
observation indicates a close relationship between
slow ship events and the activity of both VLF
cathquakes and deep low-lrequency  temors,
thereby rellecting the stess accumulation and
relaxation process in the transition zone,

The excitations of wave trains cased by VLF
carthquakes appear 1o always overlap with the
peak amplitude o wave trains caused by deep low-
frequency tremors (Fig, 1), However, it should be
noted that deep low-Irequency tremors oceur with-
out the excitation of VLF canhquakes. This result

=
m

g

8
(wy) axuys Buoge aouelsig

10 15
Time from Jan. 5, 2006 (days)

Fig. 3. Migration of seismicity of both VLF earthquakes and deep low-frequency tremors, and tilt
change at four Hi-net stations—OKZH, HAZH, URSH, and MGWH—between 5 January and 25 January
2006. The temporal variation of VLF earthquakes (red stars} and deep low-frequency tremors (circles) is
shown along the southwest-northeast line in the inset representing the strike of the subducting plate
interface. The four colored lines are records of the east-west component of the tilt changes observed at
Hi-net stations. The inset shows the distribution of the VLF earthquakes and deep low-frequency tremors
during the same period, as well as the Hi-net TILT station locations (plus symbols).

Fig. 4. Schematic of the seismic source distribution for VLF earthquakes, deep low-frequency
tremors, and slow slip events at the downdip portion of the subduction zone in southwest Japan.
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suggests that the VLF event and the deep low-
froquency tremors are two distined phenomena
Considenng the predomimance of VLF compo-
nents of =20 5 (Fig. 1 and fig. S2), their iesponsc o
the rupture process may comespond o a slow carth-
quake with a chamctenistic tme scale ol upiure
duration on the order of 10 s, This rupture duration
ts longer than that of ordinary canthquakes and also
excoods the duration proposed for decp low-
frequency tremors, =1 s (1) However, this 10-5
duration & obviously shoner than the 2- 10 S-day
duration of regionally observed slow slip events
(24}, Similar VLF eanthquakes that occur within
the aceretionary prism e thought o represent slow
carthquakes with bow stress drops, low mupture
velocities, and low slip velocities on the Bt plane
with high pore-thud pressure (/0). These observa-
tions suggest that three types of slow carthquakes
deop low-frequency tremiors, VLF carthqguakes, and
slow slip events—occur simultancously i the
transition zone of the subducting plate interface.
Tomography studics that image selsmic ve-
locity structure show that a high Poisson’s mtio
exists around the source region of the deep low-
lrequency tremor (20), A recent precise study in
the Nankai subduction zone proposes a linear
distribution of low-frequency carthquakes. similar
to the classilication of deep low-lrequency trem-
ors with slightly obvious P and 5 phases, at 3510
40 ki around the plate interface and comespond-
g o a zone of high Poisson’s mtio in the vicinity
of the transition zone, This sugeesis the following
two interpretations: (1) generation of low-frequency
carthquakes by shear ship, and (1) formation ol a
region of high pore-Nuid pressure due 1o the Nuid
meleased from the dehydration of the subducted

oceanic crust (21). Considering that three tvpes of

slow canhquakes including low-frequency canh-
quakes oceur in the mamsition zone (Fig. 4), the
existence of a zone of high pore-tluid pressune may
play an important mole in the occurmence of these
slow carthquakes. One possible scenario of the
siress-rebation: process in the ransition zone is
based on an asperity model (22, 23), in which
sironger coupled paiches of VLF canhquakes are
sumounded by aseismic slow slip regions. The Gl
shear sirength of the slow slip scament is weaker
than that of the aspenty of a megathmust cathguake
because the high pore-luid pressure causes a
reduction in the nommal stress on the plate mterface,
It the shear stress loaded by the subducting plate
reaches the vield stress of the bulk for the slow slip
seoment, the slow slip event stans in the tnsition
eone. When the shear stress incrcases on the
paiches of VLF carthquakes due 10 the occumrence
of the slow slip event, these patches eventually
rupture afier the cumulative stress reaches the vield
stress reduced by the high pore-fluid pressure. This
rupture results in a low stress drop and possibly
induces the behavior of a VLF canhquake. Many
new microcracks, with shear strength weaker than
that of ordinary microcanhquakes and source siee
smaller than that of VLF canthquakes, may mupture
in the tmnsition zone as a nesull of the local stress
change around the plate interface, induced by the
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migration slow slip, The superposition of a seismic
signal from cach small ailure viclds the observad
sequence of deep low-frequency tramors. Low-
Irequiency tremors i the Cascadia subduction zone
have an extensive depth distnbution from 10 1o
40 km, where there are strong scismic relraciors,
suggesting the existence of fluid (24). These rem-
ors also may be caused by the stress change out-
side the ransition zone due 1o a slow slip event,
because a similar migration of the temor seismic-
ity and slow slip is observed in the Cascadia sub-
duction zone (25),

The monitoring of not only deep low-frequency
tremiors bat also VLF eanhquakes may be uselul w
assess the stress on the rupture zone of a megathrust
carthquake. This 1s because the shear stress on the
aspenty of the megathrust carthquake may increase
as a resubl of slow carthquakes of'all sizes occurring
at the downdip portion of the subduction zone,
VLF carthquakes are also uselul indicators for
estimating the stress condition of the upture @one
of an anticipated megathrust canhguake.
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Strong Relationship Between DMS
and the Solar Radiation Dose over
the Global Surface Ocean

Sergio M. Vallina and Rafel Simd

Marine biogenic dimethylsulfide (DMS) is the main natural source of tropospheric sulfur, which
may play a key role in cloud formation and albedo over the remote ocean. Through a global data
analysis, we found that DMS concentrations are highly positively correlated with the solar radiation
dose in the upper mixed layer of the open ocean, irrespective of latitude, plankton biomass, or
temperature. This is a necessary condition for the feasibility of a negative feedback in which light-
attenuating DMS emissions are in turn driven by the light dose received by the pelagic ecosystem.

ceanic biota influence climate in the long
Oh:nu by shaping the biogeochamical ovcles

of clements essential for Earth-system
functioning (such as C, O, N, B, 51, and 5) (/-3)
and m dwe short e by exchanging climate-active
gases with the atmosphere (grocnhouse  gases,
oxidant and light scvengers, and free-radical and
acrosol procursors) (4-8). One of these gases is
dimethylsulfide (DMS), which represents the
largest matural source of atmospheric sulfur and a
major precursor of hyvgroscopic (Le., cloud-
forming) panticles in clean air over the remote
oceans (4, ¥), thercby acting 1o reduce the amount
of solar mdiation that crosses the aimosphere and is
absorbed by the ocean. A 20-vear-old hypothesis
(10 postlated that marine plankion, cloud albedo,
and sobr mdiation can be connected through
DMS production, ventilation, and oxidation in
a feedback mteraction; whether this feedback
would be positive or negative was uncertain,

Institut de Ciéncies del Mar (CSIC), Passeig Maritim de La
Barceloneta 37-49, 0B003 Barcelona, Catalonia, Spain.
E-mail: sergio.vallina@icm.csices (S.MV.) msimogicm,
csic.es (R.5.)

We wanted to explore whether DMS concen-
trations we linkad 10 epipelagic ecosysiom ex-

posure to solar mdiation. A monthly sampling of

surface DMS concentrations, as well as biological
and physical vanables, was conducted dunng 2003
and part of 2004 at the Blanes Bay Microbial

10

Observatory, located at 41 30N, 2748F in the
coastal northwest Mediteranean, We noted that the
light exposure of an idealized scawater panicke
fand its associated dissolved substances and
buovat organisms) depends not only on the
surface imadiance and its underwater attenuation
but also on the depth of the mixed laver within
which the particle 1s conlined. Thus, we estimated
the danly-averaged solar radiation received in the
upper mixed layer (UML), or UML solar radiation
dose (SRD), from measured data of the daily-
averaged surface imadiance, the underwater light
extinction coeflicient, and the mixed laver depih
(MLD) (/). A limear regression analysis revealed
that, during the period examined, the SRD
accounted for 94% of the vardance of monthly
surface DMS concentrations (Fig. 1),

Application of this analvsis to a triannual
(1992 to 1994) time series of DMS concentra-
tions at Hydrostation S in the Sargasso Sea (/)
(32710, 64 30°W) produced similar results.
Daily surface irmdiances measured in Bennuda
as well as MLD and exunction cocllicients

DMS = 0.138 + 0.028°SRD

DMS (nm)

Fig. 1. Linear regression (n = 15,
r* = 0.94) of surface DMS concen-
trations versus SRD in Blanes Bay
(coastal northwest Mediterranean).
Dots are monthly data during the
period from January 2003 to April
2004, Error bars represent stan-
dard deviations of two consecutive
sampling days each month. A
Spearman correlation analysis of
the same data gives a significant
positive coefficient p = 0.75 (P <<
0.01).

SRD (W m™)
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measured at the Bermuda Atlantic Time-Serics
Study station nearby (/1) wene used to estimate
the UML solar radiation dose on the same days as
DMS was measured. The vanation m the SRED
explained 81% of the variance of monthly sur-
face DMS concentrtions (Fig. 2). This is con-
sistent with a recent work (/.3) showing that the

net biological production and concentration of

DMS in the UML was highly correlated with the
ulraviolet mdiation (UVR) dose at this same
study site,

The original plankton-sul fur-climate hypoth-
esis postulated that a regulatory (negative) feed-
back would occur ifpositive changes in sunlight
and/or lemperature caused increases in primary
production and associated changes in DMS, par-
ticularly ot low latudes (/0). However, monthly
DMS and chlorophyll a (chl-a) concentrations
{one commonly used measure ol biomass) were
nod positively correlated but mther showed op-
posite patterns in both the coastal Meditemranean
{(p=-0.51)and the Sargasso Sea (p=-0.61)
(13} sampling sites. This is not a particular case
ol these two stations. Away from the equatorial
region, surlace DMS concentrations usually
peak in summer. In subtropical and low temper-
ate regions, this maximum DMS coincides with
a minimum of phytoplankion biomass, This lca-
ture has been called the “DMS summer para-
dox™ (F4). At high latindes and over most of the
Southem Ocean, on the other hand, the summer
surface DMS maximum co-occurs with a chl-a
maximum, and both vanables look strongly
correlated (13). Such a heterogencous behavior
results in very weak global comelations between
DMS and chl-a (/3. 16).

To assess whether global DMS distributions
better tollow those of solar radimion or sea sur-
face temperature (SST) than those of plankion

biomass, we compiled monthly global maps of

available DMS concentrtions from the Global
Surface Seawater (GSS) DMS database (/7).
This database includes about 30,000 individ-
ual data points collecied from 1972 10 2003,
No information about the comesponding in situ
MLD, surface imadiances, or light extinction co-

cllicients is available dircctly from the database.
Bover-Montégut ef al. ( 18) recently construcied a
comprchensive climatology  of global MLD
based on more than 40000000 temperature pro-
files obtained between 1941 and 2002, We made

use of this climatology with a modification of

the detmition eriterion (7). The daily averaged
solar irmadiance at the top-of-the-atmosphere
was caleulated (79) and converted into occan-
surface irradiance (fy) considenng a transmis-
sion coeficient of 0.5—that is, an aimospheric
reduction by a hall (20} Monthly global maps
of SRD were obtained from the aforementioned
varables in the same way as for the local studics
(7). For chl-a concentrations and 55T, we used
satellite-derived climawologies (/7). Monmthly lat-
nudinal distnbutions of DMS, chl-a, 55T, and
SRD show that DMS follows solar radiation dose
much more closely than it follows plankion
biomass or temperature (Fig, 3),

We divided the surface ol the globe into 324
boxes of 10 latntude by 200 longitude. Available
DS measurements and calculated SRD values
were averaged for cach month and cach box.
Next, we subdivided the range of SRD values

5 2 r T : 4
(rom 0 1o 210 W m ™) into spaced intervals ol

15 W m %, and mean *+ standard deviation was
calculated for the box-averaged DMS concen-
trations comesponding 1o cach of the intervals,
Dana from difTerent katitudes and months were
averaged together as long as they had a similar
solar radiation dose. The highest 5% of the DMS
box means were purposcly not taken into ac-
count in order o exclude high DMS values as-
sociated with cutrophie coastal systems and
local blooms of algae that produce very high
amounts of dimethylsullomopropionate { DMSP),
which are well-documented shori-term sources
of DMS that would have a disproportionately
high weight on the averages. This cut-ofT cri-
terion roughly comesponded 1o an upper limit
of 10 nM (fig. S1) The final number of box-
month combinations wsed was 343, and the
total number ol GSS DMS data points included
was about 26,400 Le.. nearly 90% of the ong-
inal data.

Fig. 2. Linear regression (n = 33, B
r? = 0.81) of surface DMS concen-
trations versus the SRD in Hydro-
station 5 (Sargasso Sea). Dots are
monthly data during the period from
January 1992 to November 1994, 4k
Error bars represent standard devi-
ations of multiple sampling days
each month. A Spearman correla-
tion analysis of the same data gives
a significant positive coefficient p = 2
0.89 (P =< 0.01). DM5 data are
from (12).

DMS (nM)
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DMS = 0.51 + 0.017*SRD
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Consistent with the local time series, a sig-
nificant positive comrelation was found between
averaged surface DMS concentrations and the
SRD along the radiaton dose range (Fig. 4).
Notably, there is a strong similarity between the
slope and the intercept of the globally derived
lincar cquation and those obtained in the Sargasso
Sea (Fig. 2). Even though the data seaner for the
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Fig. 3. Month (April through March) by latitude
plots of climatological global distributions of satellite-
derived chl-a concentrations (CHL,, Sea-Viewing
Wide Field-of-View Sensor, 2002 to 2004), satellite-
derived sea surface temperature (55T, Climate
Diagnostics Center, 1971 to 2000), suface DMS
concentrations (GSS DMS database), and the SRD
tcalculated). All variables are monthly averaged by
10 latitude bands. Spearman coefficients (p) for the
correlations between the latitude-month distributions
of DMS and the other variables are DMS wersus
CHL,, 0.08; DMS versus 55T,y 0.16; DMS versus
SRD, 0.56 (7 = 155
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global relationship is quite large (shaded arcas in
Fig. 4y, the upper and lower conmours of the
scatter stll show clear proporionality between
DMS and the SRD.

Although upper-ocean DMS dynamics have
been the object of extensive rescarch, definitive
conclusions about the main factors controlling
DMS concentrations have remained clusive,
and this has prevented giving an unequivocal
sign Tor any leedback link between climate and
DMS. Experimental work (9, £2) has unveiled
the interaction of multiple biotic and abiotic
plavers (e.g.. phyvioplankion composition and
physiological state, zooplankion grazing, bac-
terial activity and diversity, and photolysis),
and solar radiation (and especially UVR ) exerts
a substantial but not straghtforward influence
on many of them (2/-23). A particularly rel-
evant, recent hypothesis suggests that DMS
lcakage from the algal cell 15 the by-product of
a sulfur-based antioxidant mechamsm (2/).
Ciiven that high light (high UVR) doses induce
oxidative stress (e, DMS release) and inhibit
bacterial DMS consumption as well (23), DMS
may accumulate in seawater. Phytoplankton
succession 1o higher-DMSP producers in sum-
mer siratified waters, oxidative stress on these
producers, and oxidative damage on DMS
consumicrs may be concurrent reasons why
DMS concentrations are higher in high-light
conditions,

A recent analysis of the DMS time series in
the Sargasso Sca revealed that the temporml
DMS variation cmerging from such a complex
cyele resembles that of the local UVR, and the
latter was suggested as the major driving foree
(£.3). Whether this very same quantitative DMS-
UWR relationship would be applicable 1o most
of the global occan was unknown but unlikely,
because other local factors such as plankion
abundance and community structure would be
expected 1o have a large complemeniary influ-
ence. Monetheless, a pioneering work by Bates
er al (24) showed, with the few data available at
the time, that the scasonally averaged DMS

emission flux covaried with the seasonally aver-
aged surface solar mdiance at different lat-
nudes. More recently. the depth of the UML was
scen 1o have a regulatory influence on DMS
production and concentration on a global scale,
and it was hypothesized that such regulation
would partlly oceur through the effects of the
MLD on plankton exposure 1o solar radiation
(14, 23}, Using the most comprehensive data set
available 1oday, we show that surface DMS
concentrations respond positively 1o the UML
solar radiation dose, and this response follows
the same proportionality over the global open
ocean, irrespective of Tatitude and the large var-
iability of, for example, temperature and trophic
status,

One of the challenges of todav’s Eanh-
system science is o elucidate how the biosphere
responds 0 climate in ways that in wm in-
Nuenee climate (26), determine their operation
time scale, and clanfy whether these responscs
confer stability to the climate system in front of
perturbations such as anthropogenic global en-
vironmental change. The tight coupling of DMS
concentrations 1o the solar radiation dose that
we observed is a necessary condition for the oc-
currence of a negative feedback batween plank-
ton and climate through the influence of the
former on the mdiative energy budget {/0). No-
tably, it also provides a clue on the time scale of
such feedback. The solar radiation dose of the
surface ocean varies strongly over the seasonal
cyele a5 a conscquence of the coupled variation
ol surface irmdiance and the MLD. Our data in-
dicate that 11 s at this seasonal seale that the
epipelagie ecosystems respond to lemporal and
latitudinal changes in solar radiation by chang-
ing their production of light-otenuating volatile
sullor. Exploration of responses at time scales
shorter than a month should be carried out with
high-resolution memsurements of DMS and solar
radiation in coherent water masses. Whether this
feedback will also operaie efficiently an the longer
time scale of anthropogenic global warmming will
depend on induced changes in global cloudiness,

Fig. 4. Linear regression (n = 14, &
r? = 0.95) of surface DMS concen-
trations versus the SRD in the glob-
al open ocean. Dots are averages
of 10 by 20 (latitude by longi-
tude) box mean DMS concen-
trations grouped by intervals of
15 W m 2 of SRD. The shaded
area represents the standard devi-
ation of the averages. The num-
bers by the data peints indicate
the amount of DMS box means
used for each average (upper num-
ber) and the amount of original
data included (number in parenthe-

DMS (nM)

DMS =0.492 + 0.019"SRD

2
(404) (V78

ses). A Spearman correlation analy- ﬂﬂ
sis of the 545 box means gives a
significant positive coefficient p =

047 (P =< 0.01)

20 40 60 80
SAD (W m)

1;30 15.‘0 1:10 1'60 1:50 200

acrosol light scattering, and, most  important,
mixing depths in the occan.
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A Plasminogen-Activating Protease
Specifically Controls the Development
of Primary Pneumonic Plague

Wyndham W. Lathem,® Paul A. Price,® Virginia L. Miller,? William E. Goldman®*

Primary pneumonic plague is transmitted easily, progresses rapidly, and causes high mortality,
but the mechanisms by which Yersinie pestis overwhelms the lungs are largely unknown. We
show that the plasminogen activator Pla is essential for ¥. pestis to cause primary pneumaonic
plague but is less important for dissemination during pneumonic plague than during bubanic
plague. Experiments manipulating its temporal expression showed that Pla allows Y. pestis to
replicate rapidly in the airways, causing a lethal fulminant pneumonia; if unexpressed,
inflammation is aborted, and lung repair is activated. Inhibition of Pla expression prolonged the
survival of animals with the disease, offering a therapeutic option to extend the period during

which antibiotics are effective.

I the three species of Yersinia patho-
genic o humans, ¥ pesiis 15 mfamous
owing to its ability to cause plague.

Although usually transmitted by an arthropod
veelor, it is during cases of secondary pneu-
monic plague that ¥ pesiis can be spread from
person o person through the inhalation of res-
piratory droplets carrving the bactenia (/). This
method of transmission may initiate an epi-
demic of primary pneumonic plague, which is
fatal i not treated early. Pneumonic plague is
the most likely fomm to result in the event of a
Biowartare attack with acrosolized ¥, pestis (2.

Yersinta virulenee in mammals requires the
Yse type I seeretion system (T355), which 1s
shared among all three pathogenic species (3).
Unlike ¥ pesis, Y. emerocolitica and ¥, psen-
dombercnfosis are loodbome pathogens and
usually result in self-limiting gastrointestinal
infections (+4-6). Thus, the presence of the Ysc
T3S5 alone is not sufficient to cause a rapidly
progressing respiratory infection.

¥, pestic also carries pPCPIL, a 9.5-kb plas-
mid that encodes the plasminogen activator Pla, a
surface protease that is thought 1o promote plas-
min degradation of fibrin clos (/, 7). In models

of bubonic plague, Pla promotes the invasion of

¥, pesrix from subcutaneous sites of inoculation
it the lymphatic system and decper tissucs but
15 dispensable for growth at the site of inoculation
(4, 9. When inroduced by acrosol, ¥, pesis
lacking Pla was reponed 10 be equivalent or near
cquivalent in vinlence o wild-tvpe by median
lethal dose (LDspd analysis (/0. 1), but the
progression of lung and systemic discase has
never been evaluated in a model of primary
pneumaonic plague. On the basis of these studics,
we predicted that respimtory infection with a
strin of ¥ pestis lacking Pla would proceed nor-

'Department of Molecular Microbiology, Washington
University School of Medicne, 5t. Lowis, MO 63110, USA
zDepartmem of Pediatrics, Washington University School
of Medicine, 5t. Lowis, MO 63110, USA.

*To whom correspondence should be addressed. E-mail:
goldmang@wustl.edu

mually m the lungs and result ina lethal preumoma
but that fibrm deposition would restnct the ability
ol bacteria to escape the respimlory system,

We infected C5TBL/G mice intranasally with
wild-type ¥ pesiis COY2, an isogenic ¥ pesifs
strain lacking Pla (COY2 Apla), or the Apla
strain complemented with the coding soquence
for Pla. Mice given wild-type ¥ pestis CO92, a
strain isolated from a faal case of pneumonic

REPORTS

plague (2} succumbed 1o the infection in a
highly synchronous manner. In contrast, only
S0 of the nuce mfected with the Apda stran
developed wermmal plague atter 7 days, and the
rate at which the mice died was less synchronous
than the rate of those infected with the wild-type
strain (Fig. 1A). Complementation of the mutant
with the coding sequence for Pla fully restored
vinulence, Thus, the lack of Pla substantially de-
layed the time 1o death resulting from respiratory
infection,

Although the Kinctics of bacterial growth
during infection with CO92 procecded as ex-
pected (£33, bactenal outgrowth in the Apla-
infected mice was significantly alered (Fig. 1, B
and C). Adier 24 hours, 100- 1o 1000-fold fewer
bactena were recovered from the lungs of Apa-
miccted mice compared with the lungs with
wild-type infection. Over the next 2 days, the
numbers of Apda bacteria in the lungs did not
substantially change, whereas wild-type bacteria
mercased by almost 6 logs. In contrast, we de-
tected bacteria in the spleens of all mice by 72
hours, indicating that eseape ol the Apla strain
from the lungs 1o distal organs still occurned
iFig, 1C). Indead. at laer times, one of ive mice
had a bacterial burden approaching 10* 10 10°
colony-forming units (CFLUY in the spleen. This
corresponded with increased numbers ol bac-

g == G082 Apla & 23 R
== COBZ A\pia + pla - * = | -
L '! e oy, l:"
- -
€ | £ ! - | @
L] E 5 =
'E 44 2 " S a0 "
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L RN A LA 1 2] 48 mn 9%
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o *k Wk
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g 07 4 - o
— —:.— o o a
o g B %
B - T - i ¥ y B -
aQ 1 ] 3 48 T [LL P N — -
1 24 48 T2 a6
tima post-inoculation (days)
time post-incculation (hours)

Fig. 1. Pla is required for Y. pestis to cause a fulminant infection of the lungs. (A) Survival of
C57BL/6 mice infected intranasally with Y. pestis CO92 (black squares), CO92 Apla {white squares),
or C092 Apla complemented with plo (white diamonds). (B and C) Kinetics of infection with Y.
pestis CO92 (black) or CO92 Apla (white). Bacteria were introduced intranasally, and at various
times CFU per organ in the lungs (B} and spleen (C) were determined. Each point represents the
numbers recovered from a single mouse. The limit of detection is indicated by a dashed line.
Symbols below the limit of detection represent mice that survived but did not have detectable
numbers of bacteria; an "X" indicates a mouse that succumbed to the infection. A solid line
indicates the median of CFU recovered. *P = 0.037, **P = 0.002, and ***P < 0.001 (unpaired ¢
test). (D) Gross weight of lungs from mice infected with ¥. pestis €092 (black) or CO92 Apla
{white), C57BL/6 mice were infected as above, and at various times lungs were excised and
weighed, *P = 0.01 and **P < 0.001. Each experiment was repeated twice. Error bars represent
standard deviation.
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teria in the lungs: however, this is likely due to
the recirculation ol systemic onzanisms back
mte the lungs (.3) rather than outgrowth of bac-
teria in this organ.

These data show that Pla controls the prolil-
cration ol ¥, pestis in the lungs bt is not cs-
sential for bactena to disseminate, This is a
distinet phenotype from that attributed 10 Pla in
models of bubonie plague: When Pla-neganve
Yo pestis is mtroduced subcutancously, dissemi-

nation is dramatically reduced, but bacterial out-
growth at the local site of infection is unaflected
(¥, ¥ Indeed, we show that mtes of dissemina-
tion from the mital site of colonization 1o the
spleen were substantially increased when Pla-
negative bacteria were imtroduced  imtranasally
compancd with the subcutancous route (table 2.
This may be due o the haghly vascularzsed nature
ofthe lung, allowing cscape ol a few Pla-negative
bactena through an alveolar capillary and thus
mitiating systemic mfection.

A hallmark of fmtal bactenal pneumonia s
the development of edema i the lungs, which
can be measured by a change in gross lung
weight as Tuid and cells conribute o increasad
mass of the orzan. Although mouse lungs inlected
with wild-vpe ¥ pesiis weighed signilicantly
mone than uninfected lungs, the lungs ol mice
infected with the Apla strain of ¥ pestis showed
no change in weight, even afier 7 days (Fig. 1D),
suggesting that the death of mice infected with
this straim is not due to ppeumonia but rather is
causced by systemie infection. Our results, there-
fore, may explain the similar LDg, values for
wild-type and Pla-negative strains when inhaled,
even though ¥ pestis nequires Pla 1o cause a se-
VCTE PHICUITIONI.

We also examined lung histology of wild-
type and mutamt ¥ pestis-mlected mice o
resolve an existing controversy regarding pa-
thology and inflammation at the site of infection
(& 9 13, An influx of inflammatory cells was
detected in the lungs in both wild-tvpe and Apfa
infections 36 hours afier inoculation: in both
cases, the predominant infiltrating cell type was
polvmomhonuclear (Fig, 2). Although the size
of the pulmonary lesions in the wild-tvpe in-
fection increased over time, resulting in tissue
destruction and hemorrhage, the foc of inflam-
mation in mice mfected with COY2 Apla re-
mained relatively constant and  restricted. In
addinon, we examined infected lung sections
by using immunofluorescence with an antibody
against ¥ pestiy, Numerous extracellular bactena
were associated with inflammation in the lungs
of wild-type-infected mice, but relatively few
bacteria were detected in the Apda infiection and
were restricted o the much smaller inflammatory
lesions (Fig. 23 Thus, both bacterial owgrowth
and subsequent inflammation in the lungs were
dependent on the Pla surface protease,

These results suggest that host immunity
controls the pulmonary intection without devel-
oping an overwhelming inflammatory reaction
to Pla-negative bacteria. Therefore, we assessed

26 JAMUARY 2007

the amoum of immune activation in the lungs by
using quantititive reverse-transcnption polymer-
ase cham reaction (QRT-PCR ) to determine changes
m transcript quantiies of muluple intlamma-
tory mediators. Consistent with our previous
observations (/3), mice infected with COY2 re-
maincd unresponsive carly in the infection but
showed signilicant eyvtokine up-regulation by 43
hours (Fig. 3A). Similarly, the cywokine tran-
script numbers in the lungs of mice infected
with Apdar were also relatively unchanged carly
in the infection. Afier 48 hours, however, ¢y-
toking ranscript numbers in response W Apla
Were I.[I'H.'l!ill!f.-.:\"l.l (A} i'll'lj_'\ hl]j.'_l!ll} i|!\,.'!'|.."i|:‘ﬂ.'l.,|., ;,!Il';,l

C092

v the following day of infection tmnscript
numbers for most cylokines decreased, suggest-
ing down-regulation of the mlammatory re-
sponse to Apda. Thus, the data reveal that, in the
dbhsenee of Pla, an antmilammatory state 15
maintained in the lungs and the infection is un-
able 10 progress o the pro-inflammatory phase
that we desenbed previously (/3),

That eviokine transcript amounts appeared
to stabilize and then decrease in the Apfa-infected
mice suggested the pulmonary inflammatory
lesions were resolving, We immunostained in-
fected lungs for the proliferating cell nuclem
antigen (PCNA), a marker for host cellular

C092 Apla

24 h

36 h e
48 h
72h
48 h anti-
Y. pestis

Fig. 2. Histology and presence of bacteria in the lungs of mice during the progression of
pneumonic plague. Mice were infected intranasally; at various times, lungs were inflated and fixed
with 10% neutral buffered formalin and embedded in paraffin, and 5-um sections were stained
with hematoxylin and eosin or a ¥. pestis antibody. The images shown are representative of ex-
periments repeated twice. Scale bars indicate 200 pm.
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Fig. 3. Progression of the in- A
flammatory response to ¥, pestis
€092 or CO92 Apla. (A} Mice
were uninfected or infected in-
tranasally, and at various times
lungs were removed and im-
mersed in RNAlater (Ambion,
Woodward, TX. RNA was ex-
tracted and reverse-transcribed,
and relative cytokine transcript

—a—CO92
—o— G092 Apla

IL-17 IL-&

=a=C092
== G082 Apla

< BEEE08EEE

quantities compared with those
of uninfected mice were deter-
mined by gRT-PCR using the
AAC, method (22) and nor-
malized to glyceraldehyde-3-
phosphate dehydrogenase for
Y. pestis C092 (black) or Apla-
infected mice (white). IL, in-
terleukin; MIP, macrophage
inflammatory protein; and TNF, i
tumor necrosis factor, (B and C}
PCNA antibody stain and he-
matoxylin counterstain of lungs
infected with ¥. pestis C092 or
C092 Apla after 48 hours.
PCNA-positive cells (arrows) are
present in the lungs of Aplo-
infected mice but largely absent

in the wild-type infection. Extra-
nuclear granular staining in the
CO92-infected lungs correlate
with the presence of bacteria.
Scale bars, 50 pum.

DNA synthesis ([4). Whereas the cells of wild-
tvpe-infected lungs were almost uniformly
PCNA-pegative (Fig. 3B). large numbers of
PCNA-positive cells were present in Apla-
infected mice (Fig, 3C), indicating active cell
proliferation and regeneration of tssue in the
lungs. Lung repair at this stage of the infection 1s
funher cvidence that (malives among  Aplg-
infected mice are not a consequence of airway
inflammation or damage but instead are the result
of systemic spread of the bacteria,

I Pla alone conirols the ability of ¥, pesiis o
cause pneumonic plague. we hypothesized that
experimental induction of pla expression mid-
way during the aborted pulmonary  discase
would be sullicient 10 tum the nonpneumonic
infection into a pneumonic one, To test this, we
adapted the wimeyeline-responsive  promoter
svatem (/3) 10 exogenous ly control gene expres-
sion in ¥ pests duning infection (Matenals and
Methods and figs. 51 and 52). We culured the
Apla strain of ¥ pessis carrving pla under
control of the tetracycline-responsive promoler

—=— 082
=o=0092 Apla

TNF IL-1cx

¥

—a= C092
== G092 \pla

20
154
104

I~
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time post-inoculation (hours)

(Y pestix CO92 Apla Pyg-pla, stmin YP138) in
pla-repressing conditions (i.e., absence of anhy-
drotetracycline, or ATC) Thirty-six hours afier
intranasal inoculation, we induced pla expres-
sion by injecting ATC and then followed the
progression ofthe infection. Bacteria in the pfa-
repressed state established a nonprogressive
lung imtection i a manner similar o that of the
Aplg=infected mice, However, once ATC was ad-
ministered and Pla expression was up-rezulated,
the condition of these mice quickly converted
1o a discase with all the feawres of pneumonic
plague: rapid proliferation of bacteria with de-
velopment of visible microcolonies (Fig. 4. A
and B), unrestricted inflammatory  infilirate,
tissue damage (Fig. 4C) and shonened time 10
death. Thus, the absence of Pla stalls the devel-
opment of disease in the early anti-in{lammatory
phase but docs not eliminate the potential of these
organisms 1o cause pneumonic plague. Ultimate-
Iy, the block inthe progression of infection by the
respiratory route is completely reversible by the
expression of Pla.

One hypothesis of the mechanism by which
Pla facilitates the invasive nature of ¥ pesis is
that the protease converis host plasminogen into
plasmin while degrading the plasmin inhibitor
ca-antiplasmin, releasing bacteria from the en-
trapment of fibrin clots (/6, F7). Indeed, recent
cevidence has shown that ibrin deposition is an
important means of immune comml for a vari-
cy of pathogens (/8-20), and thus the subver-
sion of the coagulation cascade may be a notable
virulence mechanisme Consistent with this, we
show that the plasminogen-activating activity
of Pla is essemtial to ¥ pestis virulence in the
pulmonary system ( Materials and Methods and
fig. S3). Additionally, fibrin(fogen) deposition
can be detected in the lungs of mice infected
with either the wild-type or the Apfer strain, but
the pattern and extent of fibrinfogen) immu-
nostaining is substantially alered (fig. 545, We
cannot exclude, however, the possibility that
other targets of Pla activity may also contribute
to the development of pimary pneumonic plague.
Nonctheless, the wole of Pla durdng pneumonic
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£ :. £ ol Fig. 4. Control of primary pneumonic plague progression by
g - - . CO02 the tetracycline-responsive promoter system in Y. pestis. (A
e & I - o Pyocpla-ATC and B} Induction of Pla during intranasal infection. Mice
‘E 54 = * F:ph SATC were infected intranasally with Y. pestis CO92 (black) or
2 ; o P ‘:‘ » 092 Apla + Pyy-pla prepared in the absence of ATC (rep-
& 3 2 ressed state). After 36 hours, mice infected with the Py-pla
Q@ 4 o E strain were administered phosphate-buffered solution
- R -t (PBS) (blue) or ATC (red) by intraperitoneal injection bid.
24 h T 48 h 72h B4 h CFU in the lungs (A} and spleen (B} were determined at
i various times. Symbols and lines as in Fig. 1. (C) Lung
ATC @& 36 h histology of mice infected with the Pyy-pla strain and treated
c with PBS or ATC. Lungs were prepared as for Fig. 2. Scale
24h 48 h 72 h bars, 200 pm. (D) Repression of pla expression midway
Ty " e 1 -l‘ e through pneumonic plague infection. Survival of mice
A \ o 1Y s infected with C092 Apla plus Peeplo in the pla-induced
LY : _J". v U p -pla St for the duration of the experiment (black) [mean time
] : H /. i 2 -':TC to death (MTD) = 3.1 days], in the pla-repressed state for the

plague may help explain how ¥ pesiis acquined
the ability w0 cause a rapid, severe respimtory
infection and be wansmined from person o
person by the acrosol route, whereas ¥ pcido-
inhercilosis and Y emrerocolivica did not. Inter-
cstingly, the alicred syndrome we observed with
a Pla-negative stmin is similar to case descrip-
tions from the carly 20th-century Manchurian
epidemics in which acrosol-acquired plague re-
sulied in faal sepsis before a local lung discase
could develop (21).

The critical role for Pla suggests that its
inhibition could offer a therapeutic advantage,
particularly because the rapid progression of
poeumonic plague leaves linde time for effective
treatment, We tested this experimentally by in-
fecting mice with the Pla-inducible ¥ pestis
strain YPI38 prepared in the presence of ATC,
We then provided ATC 1o the animals for only
the first day of the infection, allowing the ATC
to be cleared and pla expression 1o be repressed
for the remainder of the experiment. The time
until death was delayed when the Pla-induced
state was switched to a Pla-repressed state dur-

duration (blue} (WTD = 5.1 days), or in the pla-induced state
for the first day followed by the pla-repressed state for the
remainder of the experiment (red) (MTD = 4.6 days). See
Materials and Methods for details. The bar beneath the
graph approximates the period at which pla induction ends
and repression begins.
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A Virus in a Fungus in a Plant:
Three-Way Symbiosis Required for

Thermal Tolerance

Luis M. Marquez,* Regina S. Redman,*? Russell ). Rodriguez,

24 Marilyn ). Roossinck™

A mutualistic association between a fungal endophyte and a tropical panic grass allows both
organisms to grow at high soil temperatures. We characterized a virus from this fungus that is
involved in the mutualistic interaction. Fungal isolates cured of the virus are unable to confer
heat tolerance, but heat tolerance is restored after the virus is reintroduced. The virus-infected
fungus confers heat tolerance not only to its native monocot host but also to a eudicot host,
which suggests that the underlying mechanism involves pathways conserved between these two

groups of plants.

ndophytic fungi commonly grow within

plant tissues and can be mutualistic in

some cases, as they allow plant adapiation
to extreme environments (f) A plant-fungal
symbiosis between a tropical panic grass from
goothermal soils, Dichanthelivm langinosum,
and the fungus Chmvelaria promberata allows
both organisms to grow at high soil emperatures
i Yellowstone National Park (YNP) (2). Field
and laboratory experiments have shown that
when root zones are heated up 1w 65°C, non-
symbiotic plants either become shriveled and
chilorotic or simply dic, whereas svimbiotic planis
tolerate and survive the heat regime. When
grown separately, neither the fungus nor the plant
alone is able to grow al lemperatures above 38°C,
but symbiotically, they are able 10 wleraie cle-
vated wemperatures. In the absence ol heat stress,
syvimbiotic plants have enhanced growth e
compared with nonsymbiotic plants and also
show significant drought tolerance (3).

Fungal viruses or mycoviruses can modulate
plant=fungal symbioscs, The best known exame-
ple of this is the hypovirus that aftenuates the
virulence (hypovinulence) of the chestinut blight
fungus, Cryphonectria parvasitioa (4). Virus regu-
lation of hypovirulence has been demonsirated
experimentally in several other pathogenic fungi
(34 However, the eflect ol mycoviruses on
mutualistic fungal endophytes is unknown, There
is only one repont of a mycovins from the well-
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known mutualistic endophvie, Epichiod festicae,
but no phenotype has been associated with this
vins (@),

Fungal virus genomes are commonly com-
posed of double-stranded RNA (dsRNA) (0.
Large molecules of dsRNA do not normally
occur in fungal cells and, theretore, their presence
15 a sign ol a viral infection (9), Using a protocol
for nucleie acid extraction with enrichment for
dsRNA (11), we detected the presence of a virus
in O profuberata. The dsRNA banding patiem
consists of two sepments of about 2.2 and 1.8 kb,
A smaller segment, less than 1 kb in length, was
varable in presence and size in the isolates
analvzed and, kaer, was confirmed to be a sub-
genomic element, most likely a defective RNA
(fig. 51 and Fig. 1, A and B). Using tagged
random hexamer pramers, we transcribed the
virus with reverse transcriptase (RT), followed by
amplification and cloning. Sequence analysis
revealed that cach of the two RNA scgments
contains two open reading frames (ORFs) (g,

Fig. 1. Presence or absence of

CThTV in different strains of C PP
protuberata, detected by ethid-

ium bromide staining (A),

Morthern blot using RNA 1 (B)

and RNA 2 (C) transcripts of  3,054-
the virus as probes, and RT- ?;ﬁl
PCR using primers specific for 1 g18-

a section of the RNA 2 (D). The
isolate of the fungus obtained
by secloring was made virus-
free (VF) by freezing-thawing.
The virus was reintroduced into

52). The 2.2-kb fmgment (RNA 1) is mvolved in
virus replication, as both of its ORFs are similar
to viral replicases. The first, ORFla, has 299
amino acid sequence identity with a putative
ENA-dependan RNA polymerise (RdRp) rom
the rabbit hemorthagic disease vins, The amine
acid sequence of the second, ORFIb, has 33%
identity with the RdRp of a virus of the fungal
pathogen Discwla desiruetiva. These two ORFs
overlap and could be expressed as a single
prodein by frameshifiing, a common expression
strategy of virl repl
RNA 2 have no similanty o any prodein with

known function. As in most dsRNA mycovi-
ruses, the 5" ends (21 bp) of both RNAs are
conserved. Vims particles purified from .
profiberaia are similar to those of other fungal
viruses: sphencal and =27 nm in diameter (lig.
53). This virus is transmitted ventically in the
conidiospores. We propose naming this vins
Curvaedaria themmal wlerance virus (CThTV) o
reflect its host of origin and its phenotype.

The ability of the fungus to confer heat
tolerance 1o its host plant is related w0 the
presence of CThTV, Wildtype solates of
prohiberata conmtaned the vinus in high titers, as
evidenced by their high concentration of dsRNA
(2 pg'a of lvophilized myecliom). However, an
solate obtaimed (rom sectoning (change in
moaphology) o a wild-type colony contamed a
very low titer of the virus, as indicated by a low
concentration of dsRNA (~0.02 pg/g of Ivophi-
lized mycelium), These two isolates were iden-
tical by simple sequence repeat (SSR) analysis
with two single-primer polymerase chain reac-
tion (PCR ) reactions and by sequence analysis of
the rDNA ITS1-5.85-1TS2 region (fgs. S4 and
53). Desiccation and freczing-thawing cycles are
known o dismupt virus panticles (/2% thus, my-
celium of the isolate obtained by sectoring was

bp

*[l'lg

the wvirus-free isolate through hyphal anastomaosis (An) with the wild type (Wt). The wild-type isolate of
the fungus sometimes contains a subgenomic fragment of the virus that hybridizes to the RNA 1 probe

{arrow).
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Ivophilized, frozen at -80°C, and subcultured to
cure it completely of the virus, The complete
absence of CThTY in this 1solate was confinmoed

by dsRNA extraction, Northern blotting, RT-PCR
(Fig. 1) and clectron microscopy (no particles

penmentally the ability of the wild-type and
virus-free 1soates 1o confer heat wlerance by
using thermal soil simulators (2, 1), Plants inoc-

were observed in four grids). We assessed ex-

514

Fig. 2. (Top} Representative
D. lanuginosum plants after the
heat-stress experiment with
thermal soil simulators. Rhizo-
sphere temperature was main-
tained at 65°C for 10 hours and
37°C for 14 hours'day for 14

ulated wiath the vinus-mtected wild-tvpe 1solate of
the Tungus telerated miemmttent soul emperatures
as high s 65°C for 2 weeks (10 hours of heat per
day). whercas both nonsymbiotic planmts and
plants inoculated with the virus-free isolate of
the fungus became shriveled and chlorotic and
died (Fig. 2).

To conlinn that CThTV was involved in hem

days under greenhouse condi- toderance in the plant-fungal svmbiosis, we rein-
tions, Plants were nonsymbiotic a a b " troduced the virus inmo the virus-free lfungal
(NS} and symbiotic with the 25 - ; isodate and 1ested its ability to confier heat wler-
wild-type virus-infected isolate ance, To provide a sclectable marker, the virus-
of C protuberata (Wt), the E 20 - free isolate was transformed with a pCT74 vector
h!l’_!]rm‘r’ﬂn'fﬁﬁlﬂm_lmm new- B Dead containing a hygromyein-resistance gene (13)
ly infected with the virus through 5 15 @Chiorotic DY restnction enzyme mediated ntegration
H ™ i ~ g o *
h}’Ph"‘l anastomosis '::ﬂl”}— or the ‘g [ Healthy (REMI} transformation (/4). Vinus<ontaining
?'rus’frE‘EF hygmm;.rmnﬁr:-s:._lant € 0. wild-type hy gromycin-sensitive (W) and virus-
isolate (VF). (Bottom) The histo-  Z free hygromyein-resistant (VF) 1solates of
gram presents the number of . prevuberata were cullured on single Petn
plants chlorotic, dead, and alive B dishes and allowed 1o undergo hy III:':I [usion
at the end of the experiment. T e S A
O il Ll [LED k1 | L. F s = L& [ L
The small letters on top of the r anastomosis (Fig. 3A). The mycehium from
i Nl apaalatie.t: Hgter 0 WL an [hf: anca ol ;llu}:ﬂ_m:mhi.\ was subculiured 1w ice
Treatments with single conidiospores grown on hyzromyein-

ences or similarities {chi-square
test, P < 0.01}.

Fig. 3. (A) Anastomosis
of the wild-type virus-
infected isolate of C. pro-
tuberata (Wt) and the
virus-free hygromycin-
resistant isolate (VF) to
produce a virus-infected
hygromycin-resistant iso-
late (An). (B) After single-
spore solation to produce
pure cultures, the solate
newly infected with the
virus (An) retained the
hygromycin-resistance and
the morphology of the VF isolate,

Fig. 4. (Top) Representative to-
mato (Solonum [ycopersicon, var.
Rutgers) plants after the heat-stress
experiment. Plants were non-
symbiotic (NS) and symbiotic with
the wild-type virus-infected isolate of
C. protuberata (Wt), the hygromycin-
resistant solate newly infected with
the virus through hyphal anastomo-
sis (An) or the virus-free hygromycin-
resistant isolate (VF). Rhizosphere
temperature was maintained at
65°C for 10 hours and ambient tem-
perature {26°C) for 14 hours'day for
14 days under greenhouse condi-
tions. (Bottom) The histogram
presents the number of plants dead
{white) and alive (black) at the end
of the experiment. The small letters
on top of the bars indicate statisti-
cal differences or similarities (Fisher's
exact test, P < 0.05).
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containing plates. Thiny-live hygromyein-resistant
isolates obtained in this way were sercened for
their dsRNA profiles, but only one was found o
have acquired the virus (Figs. | and 3B). This
fungal isolate, newly infected by hvphal anasio-
mosis with CThTV (An), was tested for its ability
tor confer heat tolerance by the same experimental
approach indicated above, The heat-siress exper-
iment confirmed that the 1solae newly infected
with CThTV conters the same level of heat 1wol-
crance as that confermed by the wild-type 1solate
(Fig. 2).

Previously, we found that some beneficial
endophvies isolated from monocots could be
transferred 10 eudicots and stll function as
mutualisis (3). Thus, we twesied the ability of the
C pretneherata isolates to confer heat wolerance 1o
toamato (Sedamon hoopersicon). Using a slightly
modificd protocol for the heat-stress expenimen
/1), we obtained similar resulis 1o those obtained
with 12, fameesinestan (Fig. 4). However, it was not
possible to attain 100% Tungal colonization of
toanato plants (/7). and this may cxplain the
higher proportion of dead plants colomized with
the Wi or An fungus, comparcd with the
expeniment using 2 fannginosim. Given tha C
profuberaia, when infected with CThTV, provides
similar mutualistic benelits wo both a monocot and
a ecudicot, it is possible that the underlving
mechanism 15 conserved between these two
groups of plants,

Plants inoculated with C promeberata in-
fected with CThTY do not activale their stress-
response system in the usual way, For examp
the osmolvie concentrtion in these plants does

W

not Incrcase & a response 1o heat stress, although
the levels are constitutively higher than in plants
colonieed with the vims-free isolate or the non-
symbiotic plams (fig. 56). It has been hypoth-
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caiged that endophytes may protect their host
plants by scavenging the damaging reactive
oxygen species (ROS) generated by the plant
defense mechanisms in response 10 cnvinon-
mental stress (1.5 The leaves of nonsymbiotic
plants generatad detectable ROS when stressed
with heat, whercas those of syvmbiotically
colonized plants did not (table 51). However,
there was no difference in the ROS response
to heat between plants inoculated with the

virus-free and the CThTV-inlected 1solates of

O provuberata.

Complex tipanite symbioses have been found
among anhropods, bactena, and mutualistic bac-
teriophages (/6. 17) This study reponts a three-
way mutualistic symbiosis ivolving a vins, a
fungal endophyte, and cither a monocot or cudicot
plant.
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The Neural Basis of Loss Aversion
in Decision-Making Under Risk

Sabrina M. Tom,* Craig R. Fox,»® Christopher Trepel,? Russell A. Poldrack™***

People typically exhibit greater sensitivity to losses than to equivalent gains when making
decisions. We investigated neural correlates of loss aversion while individuals decided whether to
accept or reject gambles that offered a 50/50 chance of gaining or losing money. A broad set of
areas {including midbrain dopaminergic regions and their targets) showed increasing activity as
potential gains increased. Potential losses were represented by decreasing activity in several of
these same gain-sensitive areas, Finally, individual differences in behavioral loss aversion were
predicted by a measure of neural loss aversion in several regions, including the ventral striatum

and prefrontal cortex.

any decisions, such as whether w in-
vest in the stock market or 1o accept a
new job, involve the possibility of

gaining or losing relative to the status quo. When
faced with such decisions, most people are
markedly nsk averse, For instance, people typ-

ically reject gambles that offer a 50050 chance of

maining or losing moncy, unless the amount that
could be gained is at least twice the amount that
could be lost {e.g., a 30/50 chance w cither gain
SO0 or lose S30) (/). Prospeat theory, the most
successiul behavioral model of decision-making
under sk and uncenainty (/. 2), explains risk
aversion for “mixed” (gainloss) gambles using
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Angedes (UCLA), Franz Hall, Box 951563, Los Angeles, CA
90095-1563, USA. *Anderson School of Management,
LICLA, 110 Westwood Plaza, Los Angeles, CA 90095=1481,
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90095, USA. *Department of Psychiatry and Biobehavioral
Sciences, UCLA, Los Angeles, CA 90095, USA,
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the concept of loss aversion: People are more
sensitive 1o the possibility of losing objecis or
maney than they are to the possibility of gaining
the same objects or amounts of money (f, 3-5).

Thus, people typically require a potential gain of

at least S100 to make up for exposure o a
potential loss of S50 because the subjective
impact of losses s oughly wice that of gains,
Similardy, people demand substantially more
money (o part with objecis that they bave been
given than what they would have been willing 1o
pay to acquire those objects in the first place (6).
Loss aversion also has been used 1o explain a
wide range of economic behaviors outside the
laboratory (7, &), Funther, loss aversion is seen in
trading behavior of both children as young as age
five (¥) and capuchin monkeys (/0), which sug-

wests that it may reflect a fundamemal feature of

how potential outcomes are assessed by the
primate brain,

Previous neuroimaging studics ol responses
1o monetary gains or losses have focused on ac-
tivity associated with the anticipation of im-

mediate outcomes (“anticipated” wiility) (/1. 12)
or the actual experience of gaining or losing
money (Cexpenenced” utility) (11, 13, 14) rather
than specifically investigating which brain sys-
tems represent potential losses versus gains when
a decision is being made (“decision” utility ). Be-
havioral rescarchers have shown that anticipated,
cxpenenced, and decision wilities often diverge
in dramatic ways, which mises the possibility that
the comesponding brain systems involved may
also difter (75). In the curent study, we aimed o
isolate activity associated with the evaluation ofa
gamble when choosing whether or not o accept
it {i.c., decision wiility) withowut the expectation
that the gamble would be immediaely resolved.
This allowed us to test whether neural responses
during the evaluation of potential outcomes are
similar 1o pattems previously reponed in studics
of anticipated and experienced outcomes.

One fundamenial question for the study of

decision-making is whether loss aversion reflects
the engagement of distinet emotional processes
when potential losses are considered. It has been
suggested that enhanced sensitivily 1o losses 1s
driven by negaive cmotions, such as fear or
anxicty (/6). This notion predicts that exposure o
increasing potential losses should be associned
with increased activity in brain structures thoughn
to mediate negative emotions in decision-making
[suchas the amyedala or anterior insula; compare
with (47, 18)]. Aliematively, loss aversion could
reflect an asymmetric response 1o losses versus
gains within a single system that codes for the
subjective value of the potential gamble, such
as ventromedial prefrontal cortex (VMPFC)
orbitofrontal conex (OFC) and ventral striatum
(11, 19, 20,

To examine the neural systems that process
decision wiility, we collected functional magnetic
resonance imaging (IMRID data while panici-
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prants decided whether 1o accept or rgject mixed
gambles that offered a 530050 chance of cither
gaming one amount of money or losing another
amount (Fig. LAY (21). To encourage paricipants
o rellect on the subjective attractiveness ol cach
gamble rather than o rely on a fixed decision
rube, we asked them to indicate onc of four re-
sponses W cach gamble (strongly accept, weakly
accept, weakly neject, and strongly neject). In
onder w allow for separmte estimates ol neural
responses 1o gains and losses, the sizes ol the
potemial gain and loss were manipulated inde-
pendently, with gains ranging from S10 1o S40 {in
imcrements of 52) and losses ranging (rom 85 w

820 (in increments of $1), We chose these mnges
because previous studies indicate that people are,
on average, roughly wice as sensitive o losses as
to gams (f, 5k thus, we expected that, for most
paricipants, this mnge of gambles would elicit a
wide range of attitudes, fTom strong acceplance
to indiflerence to strong rejection. To introduce
meentive-compatible payolls, we endowed par-
ticipants with 330 one week belore scannmg and

told participants that one decision from cach of

three scanning runs would be honored for real
MOoNey,

We asscssed behavioral sensitivity o gains
and losses by Hitting a logistic regression 1o each
panticipant’s scceptability judements collected
during scanning, using the size of the gain and
loss as independent varables. Based on this
analvsis, we computed a measure of behavioral
loss aversion & as the ratio of the (absoluie) loss
response o the gain response, which vielded a
median i = 193 (range: 0.99 10 6.75). This find-
mg s consistent with the observations that par-

ticIpants wene, on average, indifferent to gambles
i which the potential gain was twice the amount
of the potemial loss (Fig. 1B) and that participants
were slower o decide whether or not to aceepl
these gambles (Fig, 1C). These behavioral data
also accord well with previous findings (f, 5).
We first analyzed the imaging data o identily
brain regions whose activation correlated with
the sive of the potential gain or loss, using para-
metric regressors (213, This analysis isolated a set
of regions responsive 10 the sige of potential
gains when evaluating gambles (averaging over
levels of loss) (Fig. 2 and fig. S2) The gain-
responsive network included regions previously
shown o be associated with the anticipation and
receipt of monctary rewands, including the dorsal
and ventral striatum, VMPFC, ventrolateral PFC,
anterior cingulate corex (ACC), OFC, and
dopaminerzgic midbrain regions. There wene no
regions that showed decreasing activation as

gains increased.

I loss aversion is daven by a negative al-
fective response (e.g., fear, vigilance, discom-
fort), then one would expect increasing activity in
braim regions associated with these emotions as
the size of the potential loss increascs. Contrary
to this prediction, no brain regions showed sig-
nificantly increasing activation during evaluation
of gambles as the size of the potential loss in-

26 JAMUARY 2007  VOL 315

creased (averaging over all levels of gain). In-
stead, a group of bmin regions including the
striatum, YMPFC, vemmal ACC, and medial
OFC, most of which also coded tor gams, showed
decreasimg activity as the size of the potential loss
increased (Fig. 2 and fig. 83). A conjunction
analysis between increasing activity [or gains and
decreasing activity for losses demonstrated joint

sensitivity o both gains and losses in a set of

regions, including the dorsal and ventral striatum
and VMPFC (Fig. 3 and able S1).

In order w0 ensure that potential loss-relaed
responses were not being obscured by the overall
positive expected value of the gambles, we
compared activity evoked by the worst possible
gambles (gain: 510 10 S16; loss: 517 10 5200 and

the best possible gambles ( gain: 534 1o 540; loss:
55 1o 581 In a whole-brain analysis, there were
no regions that showed significantly more ac-
tvity for the worst gambles as compared o that
for the best gambles (corrected P = 0.4 n all
voxels by means of randomization tests). Given
the specilic predicuon regarding loss-related ac-
tvity in the amygdala and insula based on pre-
vious studies of expenenced wtility and nsk
aversion (11, 18), we performed further analyses
that focused on these arcas. Even ata very liberal
uncorrected threshold of P < 0,01, there were no
significant voxels in the amyedala and only two
single unconnected voxels i the insula, By come-
parson, at the same threshold, there were large
clusters of activation for the best versus the worst

Fig. 1. (A) An illustra- A Time .. .

tion of the event-related

task design. During each PR OPPIII - Wi T .
trial, the participant was response variable

presented for 3 s with a interval ISl

display showing the size (3s8cs)  (mean 2.6 secs)

of the potential gain (in ; ol oaln

green) and loss {in red).

After the accept or reject

respanse, a variable inter-
val was presented to allow
for optimal deconvolution
of fMRI responses to each
trial (27). Gambles were
not resolved during scan-

Potential

ning. The values of gain
and loss for each trial
were sampled from the
gain/loss matrix, as shown 5
here for two example
gambles; a gamble from
each cell in this 16 x 16
matrix was presented dur-
ing scanning, but the data
were collapsed into a 4 =
4 matrix for analysis. All
combinations of gains and
losses were presented, 151,

Potential Loss (5)

]

10

Potential Gain (S)

Gainfloss malrix

40 10 40
Potential Gain (§)

interstimulus interval. (B} Color-coded heatmap of probability of gamble acceptance at each level of
gain/loss (red indicates high willingness to accept the gamble, and blue indicates low willingness to
accept the gamble). (C) Color-coded heatmap of response times (red indicates slower response times,

and blue indicates faster response times),

Fig. 2. Whole-brain
analysis of parametric re-
sponses to size of poten-
tial loss (left) or gain
(right). Statistical maps
were projected onto an
average cortical surface
with the use of multifidu-
cial mapping in CARET
software (28); coronal
slices (y = 10) are in-
cluded to show ventral
striatal activation. All maps
are corrected for multi-

ple comparisons at the whole-brain level by means of cluster-based Gaussian random field correction (29}
at P < 0.05. LH, left hemisphere; RH, right hemisphere.
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gambles in the ventral stiatum and VMPFC. Al-
though null results in FMRT must be interpreted
with caution, these results are consistent with
the conclusion that losses and gains are coded
by the same mechamism rather than by two
separate mechanisms, Morcover, this aggre-
gate representation of decision wility appears
to be represented by the same neural eircuitry
that is engaged by a range ol experienced re-
wards (/). These results support previous
studics showing increased and decrcased ac-
tivity in the striatum for expedenced monetary
gains and losses, respectively (f1, 13).

We next investigated whether individual dif-
ferences in brain activity duning decision-making
were related wo individual differences in behavior,
using whole-bram analyses o wdentify regions
where the neural response 1o gams or losses was
comelated with behavioral loss aversion. Unex-
pectedly, greater behavioral loss aversion was
associated with greater neural sensitivity not only
o losses but also 1o gains. For ncreasing gains,
we observed a significant correlation with
behavioral loss aversion in the sensonmotor
corex and superor frontal cortex (fig. 54). On
the other hand, as potential losses increased, an
extensive set of arcas showed a more rapidly
decrensing response 10 mounting losscs among
individuals who were more loss averse (lig. S5).

Notably, these regions encompassed many of

the areas that showed an overall decrease in
neural activity with increasing potential loss,
The association of decreased behavioml loss
aversion with deereased newural responses to
both losses and gaims during decision-making is
consistent with the leng-standing notion that
some lorms of risk aking may have their roots
in sensation secking by individuals who have a
diminished physiological response 1o stimula-
tion (22).

Examination of reeions of interest in the
striatum and VMPFC from the gain‘loss con-
junction analysis (Fig. 3) revealed that these

Fig. 3. Conjunction analysis re- A
sults. (A) Map showing regions with
conjointly significant positive gain
response and negative loss response
(P < 0,05, whole-brain corrected, in
each individual map) (see also table
51). Red pixels indicate regions
showing significant conjunction; green
circles highlight clusters included in
the respective heatmaps to the night.
L, left; R, right. (B) Heatmaps were
created by averaging parameter
estimates versus baseline within each
cluster in the conjunction map for
each of the 16 cells (of 16 gambles
each) in the gainfloss matrix; color
coding reflects strength of newral
response for each condition, such
that dark red represents the stron-
gest activation and dark blue repre-
sents the strongest deactvation.

regions exhibited a patiern of “neural loss aver-
sion™; that is, the (negative) slope of the decrease
i activity for increasing losses was greater than
the slope of the increase n activity lor imcreas-
ing gains in a majority of participants (striatum;
loss = gain for 14 out of 16 participants, P
0.,004; VMPFC: loss = gain for 13 out of 16
participants, = 0021}, In order to more directly
assess the relationship between ncural loss aver-
sion and behavioral loss aversion, we performed
a whole-brain robust regression analysis with
these measures (27). This analysis revealed
significant correlations between behavioral and
neural loss aversion in several regions, ingluding
bilateral ventral stnatam (Fig. 43, bilateral laeral
and superior PFC (pre-supplementary motor
arca), and right mfenor panetal conex (fgs. S6
and 57 and table 52). These resulis demonstrate
that differences in behavior were strongly pre-
dicted by differences in neural responses,

The present study replicates the common
behavioml pattern of nsk aversion for mixed
gambles that offer a 30050 chance of gaining or

losing money and shows that this pattem of

behavior is directly tied 1o the brain's greater
sensilivity to potential losses than gains. These
results provide evidence in favor of one of the
fundamental clims ol prospect theory (. 2,
namely that the function thal maps money 1o
subjective value s mukedly steeper for losses
than gains [see also (). Moreover, mediation
analysis (27) suggests that individual differences
in behavioml loss aversion (as miemed by will-
ingness 1o accept mixed gambles) are driven
primarily by mdividual differences in neural sen-
sitivity 1o potential losses. Although the present

study focuses on loss aversion m the context of

mixed gambles, recem work has found that the
cocllicient of loss aversion (i.c., the ratio of sen-
sitivity 1o losses versus gains) is highly correlated
across risky and riskless contexis (23). Therefore,
we sumise that a similar mechanism may con-
tribute o other manifestations of loss aversion,
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REPORTS

Previous studies have shown that anticipated
or expenenced losses give rise 1o activation in
regions that have been associated with negative
cmobions, such as the amygdala or antenor msula
(/1. 17, I8). In contrast, the present study dem-
onstrates that, in the context of decision-making,
potential losses are represented by decreasing
activity i regions that secem o code for sub-
Jective value rather than by increasing acivity in
regions associated with negative emotions. This
difference between present and previous resulls
reinforces the importance of distinguishing
among experienced, anticipated, and  decision
utility in cconoinic theores of choice (/5). It is
possible tha amyvegdala engagement for ex-
penenced losses reflects negative prediction crror
(1, 24) mther than negative value, whereas the
lack of mmedate outcomes in the present study
(which was designed w0 isolate decision unility)
precludes the computation ol prediction cmors,

The neural basis of decision under nisk was
mvestigated i a recent study by De Martino
el al. (25), who found that amygdala activity
correlated with choices of risky gambles framed
as losses and sure outcomes framed as gains.
However, the rellection in rsk attitudes when
moderate-probability gambles are fmmed as losses
versus zains has been attributed in prospect theory
primarily to the reflection in curvature of the value
function tor losses versus gains () and secondar-
ilv 1o distortions in probability weighting rather
than o loss aversion. In contrast, we asked pantici-
pants in the present study to evaluate balanced
(50/50) gainloss sambles, which allowed us o
isolate the role of loss aversion. Thus, although
amygdala activation may play a role i some
decisions under nsk, 1 does not appear o be a
necessary component in loss aversion.

2

r=0.85, P<0.001
1.5

Behavioral loss aversion [In{i)]

0355 0 50 100 150
Neural loss aversion [i—f,..) - B
Fig. 4. Scatterplot of correspondence between neu-
ral loss aversion and behavioral loss aversion n
ventral striatum [Montreal Neurological Institute
coordinates (x, y, z): 3.6, 6.3, 3.9; center of gravity
in millimeters]. Regression line and P value were
computed with the use of robust regression by
iteratively reweighted least squares to prevent the
influence of outliers; however, this regression also
remained highly significant (P = 0.004) when the
extreme data point (top right-hand corner) was
removed from the analysis. [ and [ig,q are the
unstandardized regression coefficients for the loss

and gain variables, respectively.
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REPORTS

The present results illustrate how neuroim-
aging can be used 1o directly test predictions
stemming from behavioral theones: in this case,
the prediction from prospect theory that nsk
aversion for mixed gambles can be attributed 10
enhanced sensitivity o losses, Neural loss aver-
sion was observed throughout, though not strict-
Iy limited 1o, the targets of the mesolimbic and
mesoconical dopamine (DAY systems, 1 is tempi-
ing 1o speculate that individual differences in
behavioral and neural loss aversion observed in
the present study may be related 10 naurally oc-
curring differences in DA function, though the
relationship between genclic variation in the
DA system and personality trits such as impul-
sivity and risk taking remains largely unknown
{26). Funher, the dimmished neural sensitivity
o losses among individuals who were less loss
averse (e, more risk seeking) may shed light
on a number of neuropsvehiatric and behav-
woral disorders, such as substance abuse, path-
ological gambling, and antisocial personality
disorder. that are associated with increased nisk
taking and impulsive behavior This suggests
that studies integrating methods from behavior-
al economics and cognitive neuroscience may
provide greater insight into the nature of these
disorders.
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Asymmetric Inheritance of Mother
Versus Daughter Centrosome
in Stem Cell Division

Yukiko M. ‘l"amashitaf"r Anthony P. !nl,ilhr.lwe\l-'.Lz Julie R. F‘+|ar1in,t Margaret T. FulleruT

Adult stem cells often divide asymmetrically to produce one self-renewed stem cell and one
differentiating cell, thus maintaining both populations. The asymmetric outcome of stem cell
divisions can be specified by an oriented spindle and local self-renewal signals from the stem cell
niche, Here we show that developmentally programmed asymmetric behavior and inheritance of
mother and daughter centrosomes underlies the stereotyped spindle orientation and asymmetric
outcome of stem cell divisions in the Drosophila male germ line. The mother centrosome remains
anchored near the niche while the daughter centrosome migrates to the opposite side of the

cell before spindle formation.

dult stem cells mamtain populations of
highly differentiated but  short=lived

cells throughout the life of the orga-
nism. To maintain the critical balance between
stem cell and differentiating cell populations,
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stem eells have a potential to divide asymmet-
rically, producing one stem and one differen-

tinting cell (7). The asymmetric outcome of

stem cell divisions can be specilied by regulaied
spindle orentation, such that the two daughier
cells are placed in different microcny ironments
that either specily stem cell idemtity (stem cell
niche) or allow differentiation (2, 3).
Dyvoseprhila male genmline stem cells (GSCs)
are maintained through atachment o somatic
hub cells, which constitute the stem cell niche.
Hub cells secrete the signaling lizand Lipd, which
activates the Janus kinase signal trmnsducer and
activator of transcription (JAK-STAT) path-
way in the neighboring genm eells o specify
stem cell identity (4, ) Drosopliifa male GSCs

nomually divide asymmetrically, producing one
stem cell, which remains antached to the hub,
and one gonialblast, which initiates differentia-
tion. This stercotyvped asymmetne oulcome s
conmrolled by the onentaton of the miote
spindle in GSCs: The spindle hies pempendicular
to the hub so that one davghter cell inherits the
attachment 1o the hub, whereas the other is dis-
placed away (6).

The stercotvped orientation of the mitotic
spindle is set up by the positioning of centro-
somes during intemphase (Fig. 1A) (0L GSCs
remain oriented toward the niche throughout the
cell eycle. In Gy phase, the single centrosome is
located near the imterface with the hub, When the
duplicated centrosomes separate in Gs phase, one
stays next o the hub, whereas the other migrates
to the opposite side of the cell. Centrosomes
in the GSCs separate unusually cardy i inter-
phase, rather than at the Ga=prophase transition,
w01t 15 common 1o see GSCs with fully separaed
centrosomes without a spindle (ol =300 GSCs in
the O- 10 3-day-old males counted, ~<40% of the
GSCs had two centrosomes that were separaied
o opposite sides ol the cell, but no spindle was
vel assembled) (6).

Diflerences between the modher and daughter
centrosomes underlie the stercotyped behavior
of the centrosomes in Dvosophifa male GSCs,
The mother centrosome nommally remains an-
chored 1o the hub-GSC imerface and is inheried
by the GSC, whereas the daughter centrosome
moves away from the hub and is inhented by
the cell that commits o differentiation. Mother
and daughter centrosomes were differentially
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labeled by transient expression of green Nuores-
cent profein-pericentniV AKAPAS0 Cacrminus
(GFP-PACT) from the Dvosophila penceninn-
hke protem (7) under heat shock-Gald control
(&) The PACT domamn, which is necessary and
sufficient for centniolar localization, is incor-
pomated mto cenmoles only during controsome
duplication and does not exchange with the
eytoplasmic pool (7). Both the mother and
daughter centrosomes are Jabeled by GFP-
PACT in the fimst cell cvele after heat shock
i(Fig. 1B). In the second cell evele, the daughier
centrosome retains GFP-PACT, whereas the
mother centrosome is not labeled, thus distinguish-

ing the mother and daughter centrosomes (Fig,
1B}, After a short burst of GFP-PACT expres-
2. 5-hour heat shock, 20 1w
0% ol the GSCs had GFP-labeled centrosomes,
indicating the duplication of centrosomes dur-
img the window ol GFP-PACT cxpression. By
12 hours alter heat shock, =90% ol the labeled
GSCs had two GFP-positive centrosomes, -

sion mnduced by a

dicating that they had progressed 1o the G,
phase of the lirst cell evele after GFP-PACT in-
corporation (Fig. 1. Cand E).

By 1810 24 hours alier heat shock., the number
of GSC's with two GFP-positive centrosomes had
decreased, whereas the number of GSCs with one
GFP-positive and one GFP-negative centrosome

had incressed, suggesting progression into the

Fig. 1. GFP-labeled daughter centro-
somes migrate away from the niche.
(A) Stereotyped positioning of cen-
trosomes in male GSC during inter-
phase sets up the orientation of the
mitotic spindle [adapted from (6)].
Red, centrosome; blue, hub; green,
tubulin, (B} Pulse-chase strategy to
label the daughter centrosome. Each
centrasome {cirele) contains two cen-
tricles (ovals numbered in order of
generation). Transient expression of
GFP-PACT labels newly assembled
centrioles (3). In the first cell cycle
after the GFP-PACT pulse, both the
mother (1+3) and daughter (2+3)
centrosomes are GFP-positive. In the
second cell cyce, the mother centro-
somes (1+4 or 2+4) are GFP-negative,
whereas the daughter centrosomes
(3+4) are GFP-positive. (C and D)
Testis tips with labeled G5Cs (dotted
outline) in the Gy phase of the first cell
cycle after the GFP-PACT pulse [(C), 12
hours after heat shock] or the second
cell cycle [(D), 24 hours after heat
shock]. Green, GFP-PACT; red, v-
tubulin {centrosomes are shown with
arrowheads) and Fas 11l (hub, H); blue,
Vasa (germ cells). Scale bar, 10 pm.
(E) Frequency of label outcomes over

time after heat shock. Blue, GSCs in the first cell cycle (two labeled, oriented
centrosomes); red, GSCs in the second cell cycle (one labeled and one
unlabeled centrosome) with the labeled (daughter) centrosome distal from
the hub. Rarely observed outcomes were pink, the first cell cycle, with neither

WWW.sCIenCemad. arg

second cell eyele, Generally, the centrosome distal
to the hub was labeled, whereas the centrosome

prosimal to the hub was GFP-negative (=95% of

OSCs i the scoond cell evele) (Fig. 1, Dand E),
mdicatmg that the davghter centrosomes migrate
away [rom the hub-GSC mterface during asym-
metric GSC divisions,

Labeling the mother rther than the daughter
centrosomes confimed that the male GSCs inthe
niche preferentially retain mother centrosomes
over time. Centroles assembled durng carly
embrvogenesis were labeled using the NGT4H0
CGiald driver o drive the expression of GFP-PACT
in 1‘!!;|.x|,u',|x,'|:nl-nl;|5,'_u: \,‘I:'I'lhl'_\l:\;-, ,n!n.nl:'n;_- ofl” afier
germband extension (9). In the first oell eyele

after the depletion of the eyvtoplasmic pool of

GFP-PACT in the GSCs, both the mother and
daughter centrosomes should be labeled. In
subsequent cell eyveles, only the mother centro-
somes should be labeled (Fig. 2A)

In most GSCs m the seccond or later cell
eyele after the depletion of cvtoplasmic GFP-
PACT, the labeled centrosome was positioned
next to the hub-GSC interface, and the unla-
beled centrosome had moved away from the
hub (Fig. 2. B and C). The lrequency ol GSCs
that had the proximal, but not distal, centro-
some labeled remained constant over time for
10 davs (L3 larvae o day-3 adults), suggest-
ing that the mother centrosomes are reliably

retained by the GSCs, even through multiple
rounds of GSC divisions. Some GSCs main-
tamned cvtoplasmic GFP-PACT, especially in L3
larvae, suggestung that the GFP-PACT had no
vet been diluted ow (Fig, 20, green column)
We also observed some GSCs with two labeled
centrosomes, suggesting that they are in the
first cell cyele aller the depletion of evtoplasmic
GFP-PACT (Fig. 2C, ned columns).

The mother centrosomes in GSCs ap-
pearcd 0 maintain robust interphase micro-
tubule amays. Ulrastructural analysis of the
GSCs revealed that the centrosome proximal o
the hub was commonly associated with many
microtubules throughowt the cell evele, Nincteen
centrosomes i GSCs
seetions of the apical ups of five wild-type

were scored in serial
testes. Eleven centrosomes were localised close
i the adherens junctions between the hub and
the GSCs. Nine of these proximal controsomes
appearcd 0 be o interphase cells, based on
nuclear morphology and microtubule amange-
menl. Tvpically, these mterphase controsomes
proximal 1o the hub were associated with nu-
merous microtubules (Fig. 3A and fig. S1A) In
somie samples, microtubules appeared 1o extend
from the centrosome toward the adherens
junclions I|'i_'_1. IA', arrowheads). The other
two proximal centrosomes appearcd o be in
cells in mitotic prophase (fig. S1B), based on
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A
'— - - - - fifm’ ) g .H'.Dl'm'
S - - e *. -__. 2 \ . u 3
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| 2 | RN Mother
Merged+Vasa --tubulin, Faslll GFP-PACT e 4
. .rl.-.-.:_h'u;'r R
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.._———-—'—"'mi
18 24
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centrosome next to the hub; black, the second cell cycle, with the mother
centrosome distal to the hub; green, the second cell cycle, with neither
centrosome next to the hub. Only those G5Cs that had two centrosomes, with
one or both centrosomes labeled with GFP-PACT, were counted.
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Fig. 2. Male G5Cs in the niche maintain centricles assembled many cell
generations earlier. (A} Strategy to label the mother centrosome: GFP-
PACT expressed during early embryogenesis using the NGT40 driver
marks the centrioles (1 and 2) retained in the mother centrosomes after
the depletion of cytoplasmic GFP-PACT. (B) Testis tip from a newly eclosed male with
G5Cs containing GFP-labeled mother centrosomes proximal to the hub-GSC inter-
face. Red, y-tubulin (centrosomes are shown with arrowheads) and Fas Il {hub, H);
green, GFP-PACT; blue, Vasa (germ cells). Scale bar, 10 pum. (C) Frequency of label
outcomes over time from NGT40/UAS-GFP-PACT flies. UAS, upstream activating
sequence. Blue columns, G5Cs in the second or later cell cycle after GFP-PACT
depletion (only one centrosome was labeled with GFP). 1 proximal, labeled
centrosome located proximal to the hub-GSC interface; 1 distal, labeled centrosome
located distal from the hub-GSC interface; 1 misori, neither of the two centrosomes
located near the hub-GSC interface. Red columns, GSCs in the first cell cycle (both
centrosomes were labeled by GFP). 2 ori, one centrosome close to the hub-GSC
interface: 2 misori, neither centrosome close to the hub-GSC interface.
column, GSCs that still had cytoplasmic GFP-PACT. Only 50 to 60% of the total male
GSCs were labeled by NGT40VGFP-PACT. The remaining 40 to 50% could contain
mother centrioles assembled in early embryogenesis before GFP-PACT expression.
Only those GS5Cs that had two centrosomes, with one or both centrosomes labeled
with GFP-PACT, were counted. N, number of G5Cs scored per time point.

Fig. 3. Centrosomes next to the
hub harbor robust microtubule
amays. (A} Electron micrograph and
(A"} summary diagram of a prox-
imal centrosome in a GSC. Arrow-
heads in (A"} show a microtubule
that runs from the centrosome to
the adherens junction. (B) Electron
micrograph and (B') summary dia-
gram of a distal centrosome in a
GSC. Red, hub; blue, microtubules;
green, adherens junctions; yellow,
nucleus; pink, centriale; gray in (B'),
plasma membrane, Sale bar, 1 pm.

their obust microiubule armys containing bun-
dled microwbules munning parallel 1o or picrcing

four had few associated microtubules (Fig,
and fig. S1C). The remaining three distal centro-
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the nuclear surface.
In contrast, of the ive distal centrosomes
the apparently imerphase cells that were scored,

somes appeared to be incells in mitotic prophase,
based on microwbule amays containing bundled
microtubules (fig. S1D). Thus, the mother cen-

rosomes may mamin interphase merotubule
arrays that anchor them 1o the hub-GSC interface,
whereas the daughter centrosomes may initially
have few associated microwbules and be free o
move, esiablishing a robust microbule amay
only later in the cell evele.

Consistent with the idea that astral micro-
tubules anchor the mother centrosomes 1o the
hub-GSC interface, mother- versus daughier-
centrosome positioning was randomized in GSCs
that were homozygous mutant for centrosonin
{cnn) (&), an integral centrosomal profein ne-
quired to anchor astml microtubules to centro-
somes (J0-12), Analysis of mother and daughter
centrosomes alter tmnsient expression of GFP-
PACT revealed that, for can homoeygous mue-
tant GSCs where one of the wo centrosomes
was positioned next o the hub, it was essentially
rmndom whether the mother or the daughicr
centrosome stayed next o the hub (Fig. 41 In
addition, in =25% of total labeled GSCs, neither
of the two centrosomes was next 1o the hub,
which is consistent with our previous observa-
tions (Fig., 43 (6.

Our resulis indicaie that the two centrosomes
in Drosophila male GSCs have different char-
acters and fates. The mother controsome stays
next o the junction with the niche and 5 in-
bemted by the cell thm self~renews stem cell
fate. Thus, GSCs can maimain an old centriole
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Fig. 4. cnn is required for nonrandom segregation of mother and daughter centrosomes. (A)
Summary of the centrosome-positioning pattern in cnn™®! homozygous mutant and control
enn'™?Y+ GSCs. Daughter centrosomes were labeled by a pulse of GFP-PACT as in Fig. 1B. Only
counts of cells in the second cell cycle are shown. (B and C) Testis tips from cnn males with GSCs in
the second cell cycle with misoriented centrosomes (B) or with the mother rather than the daughter
centrosome segregated to the opposite side of the G5C (C). Red, y-tubulin [centrosomes are shown
with arrewheads (M, mother; D, daughter)] and Fas 1l (hub, H); green, GFP-PACT; blue, Vasa (germ

cells). Scale bar, 10 um.

assembled many cell generations earlier. In con-
trast, the daughter centrosome migrates away
from the miche and s mherned by the cell that
will imtiate ditferentiation. We postalate that the
mother centrosomes in male GSCs may remain
anchored to the GSC-niche interface through-
oul the cell cyele by atiachment to astral micro-
tubules connected 1o the adherens junction,
whereas the doughter centrosomes may  initially
have few associaied microwbules and thus can
move away from the niche. Micowbule-dependent
differential segregation of mother and daughier
spindle-pole bodies (equivalent o centiosomes
in higher organisms) 15 obscrved in budding
veast (/3). In culwred vertebrate cells, the
centrioles mature slowly over the cell evele,
and the mother centrosomes (containing a4 ma-
ture centriole) attach astral microtubules more
effectively and are more stationary than daughier
centrosomes i interphase (/4. The unusually
carlv separation of centrosomes in imerphase male
GSCs may provide a way o move the daughter
centrosome oul of range of the stabilizing in-
Muence of the adherens junction complex before it
becomes competent w0 hold a robust microwbule
Ty,

Developmentally programmed  anchoring
of the mother centrosome may provide a key
mechanism to ensure the stercotyped onentation
of the muote spindle and thus the reliably
asymmetric outcome of the male GSC divisions,
Although it s tempting to speculate that de-

temminants associated with the mother or daugh-
ter centrosome may play a role n specifying
stem eell or differentiating-cell fates, such de-
terminants are yel o be wemified. Rather, the
asymmetne mhentance of mother and daughter
cenosomes in male GSCs may be a conse-
quence of the evioskeleial mechanisms that are

REPORTS

imposed as part of the stem ool program o
anchor one centrosome next to the niche through-
out the mterphase, ensunng a properly onented
spindle.
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Kinetics of Morphogen

Gradient Formation

Anna Kicheva,»?* Periklis Pantazis,X*t Tobias Bollenbach,**t+ Yannis Kalaidzidis,*?
Thomas Bittig,? Frank Jiilicher,*s Marcos Gonzdlez-Gaitdn*5

In the developing fly wing, secreted morphogens such as Decapentaplegic (Dpp} and Wingless (Wg)
form gradients of concentration providing positional information. Dpp forms a longer-range
gradient than Wg. Te understand how the range is controlled, we measured the four key kinetic
parameters governing morphogen spreading: the production rate, the effective diffusion
coefficient, the degradation rate, and the immobile fraction. The four parameters had different
values for Dpp versus Wg. In addition, Dynamin-dependent endocytosis was required for spreading
of Dpp, but not Wg. Thus, the cellular mechanisms of Dpp and Wingless spreading are different:
Dpp spreading requires endocytic, intracellular trafficking.

lthough the molecular and cellular mech-
anisms controlling morphogen transporn
have received much attention, many
questions remain open (7L This might be duc
in part W the existence of only a few quantitative

:\1I|i,!il.'h ol 1111,' .\.Iu,.‘;,ld}'-hl:lh,‘ gl".ll,!il.:l![s .;Illi,l !]lc
kinctics of morphogen transport, To address
this, we studied quantitatively two key mor-
phogens during development of the Iy wing:
Decapentaplegic (Dpp) and Wingless (We).
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Dpp s produced at the anterior-postenior
compariment boundary in the center of the wing
maginal dise of Drosophifa (S)(Fig. L A and B).
Dpp spreads nondirectuonally, s degraded while
spreading, and forms a gradient of concentration
in the plance of the wing epithelium (2, 7). Re-
gardless of the actual trnspon mechanism, these
facts imply that Dpp spreading can be captured
by the physics of molecules thatare produced in a
localized source, which generates a current f
[moleculesd pm = s)] atthe source boundary; that
are degraded with a rate & (5 1); and that spread in
a nondirectional manner with an effective dif-
fusion coeflicient D (pm/s). Thus, the mte of
change of Dpp concentration in the -1 plane,

Clae, is deseribed by the equation;

8,0 = DVC - kC (1)

'} : .|'|1l."-|' X)

where 7 s time, x > 0 15 the distance o the
source in the target tissue, V2 is the Laplace
operator, and & s the Dime dela function [see
supportng online matenal (SOM)|.

The steady-state solution lor Eq. | is a single
exponential gradient:

N

Clx)=Cge X (2
where the Dpp concentration Clv) depends only
on the distance v from the source, the concentra-
tionn Cp at the source boundary, and the decay
length A, The decay length corresponds 1o the
distance at which the concentration decays by a
factor e of Co [(x) = Gy (1/e) at x = A]. The
shape ol the gradient therefore depends on two
key parmmeters: & and Cy, which are determined
by D, k. and jy.

In the scenano of nondrectional morphogen
spreading with degradation, & in the sicady state
is related w0 the dilfusion coeflicient and the
degradation rate by the expression:

wd

A= /D/k (

In tum. €y depends on the curremt g and on
diffusion and degradation, which occur both in
the receiving tissue and in the source:

[ .1 |

Co=jo/v Dk
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Indeed, the expenimental Dpp distribution in the
targetl tissue was well desenbed by a single
exponential (Fig. 1C) [comrcdation mdex - R>
0.92 = 0.05, n = 26) with a decay length A
20.2 £ 5.7 pm, corresponding w 7.7 = 2.1 cells
(see materials and methods section in SOM ),
To measure the Kinetic parameters (0, &, and
fod that determine the steady-state shape (chare-
tenzed by A and Cy) of the Dpp gradient, we
developed an experimental stralegy based on
imaging a functional green uorescent protein
Dpp fusion (GFP-Dpp) produced at the endoge-
nous wing source () and luorescence recovery
after photobleaching (FRAP) (4, /i), The FRAP
assay consisted of imeversibly photobleaching
the GFP-Dpp uorescence in a rectangular
region of mterest { RO with dimensions 10 pm
by 200 pm adjacent o the source (Fig. 1, Do K).
Subsequently, we monitored the Nuorescence
recovery in the ROD for about 60 mun, which

Fig. 1. FRAP of GFP-Dpp at 25°C. (A and B) L
Wing disc showing GFP-Dpp (green) ex- .
pressed in the endogenous source (double =
arrow) with cell profiles counterstained by 2
FM4a-64 [red in (A)]. Scale bars, 10 um. (C} 2
Normalized average fluorescence in the re- &
ceiving territory of five GFP-Dpp—expressing E
discs at 25°C as a function of the distance to 8

the source. Black curve, exponential fit to the
black trace. (D to G) FRAP time-lapse images
of GFP-Dpp. Projections of five z-sections
immediately before (D), immediately after
bleaching (E}, and during the recovery phase

u i i i

occurred at the expense of the nonbleachad GFP-
Dpp molecules in the neighboring arcas, until the
luorescence mtensity was close to a platcau (Fig.
IL). To quanuly the recovencs, we imaged and
projected five z-confocal plancs encompassing
the most apical 5 pm of the epithelium and
mezsured the average Nuorcscence intensity of
GFP-Dpp in the RO (see matenals and methods
and fig. 53).

We first controlled several conditions: (i) we
limited photodamage and photobleaching during
imaging so that they were negligible, (i) we
imaged most of the GFP-Dpp molecules in the
tissue, (i) we estimated the detection inaccuracy,
and (iv) we calibrated detection of Muorescence
mensity w0 GFP-Dpp concentrmtion by using
GFP-tagged motavirus particles (/f)L These m-
portant controls are summartzed m section 2 of
the supporting online material and in figs. S1 and
52, Alter venhication of these conditions, we

Cc

= 1

08

06|

204

2oz} W
D 1

50

10 20 30

disiance 10 Source [pm|

=

0 1000 2000

time 5]

3000

(F and G). Scale bar, 10 um. Times (1, 26, 58} indicate minutes after the start of the experiment. White
box, ROI. Blue boxes are magnified in (H to K). (L} FRAP recovery curves for four GFP-Dpp experiments at
25°C. Theoretical curves (solid lines) are fit to normalized average fluorescence intensities in the ROI
(squares and crosses). Anterior, left. Genotype: dopGald::UAS-GFP-Dpp/'+.
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used our calibrmtions to estimate the concentra-
tionn of GFP-Dipp at the source boundary Cg
802 +£ 312 mulcm.llcr.p:n: (n = 8 discs). which
comesponds o 4379+ 1741 molecules per cell
(sce matenals and methods). In addmon, we
cstimated the fraction of “extracellular™ GFP-
Dpp. which was equal o or smaller than 13
14% (n = 8 discs) of the wtal pool. The later
measurement, together with the fact that our
detection inaccuracy was less than 2%, showed
that the extacellular pool was not a dominam
pool (section 2 of SOM),

We then studied the recovery profiles in the
FRAP experiments 1o determine £, &, and jg, as
well as the immobile fraction w. v is the fraction
of molecules that did not recover in the ROI
dunng the expenment. The standard procedure
(/2% 1o solve the diffusion equation, which
neglects production and degradation and s
commonly used in FRAP stdies of single cells
(13}, 15 not suitable for our FRAP assay in tis-
sues. The tme span of recovery m tissue FRAP
was 30 0 90 nun (Fig. 1), so that production and
degradation could not be neglected. Thus, we
solved Eq. 1 for the particular geometry and con-
ditions of our FRAP experiments in the tissue
(SOM, fig. S3D),

From the J'|.‘:\|.||!i|!£'1 1i|:||4.'-|.1x.1\':|gl|.'|i[ concen-
tration profile Cleae) (g, S30), we caleulated
the average concentration {1 in the ROI as a
function of time. We optimized the two param-
eters D and v, which determine the shape of this
theoretical recovery curve, o oblain the best
agreement with the expenmental curves (sec
SOM)Y The parameters £ and jy were not
mdependent, because we measured two key
quantitics betore bleaching that impose further
constraints: (1) the decay length A, which allows

us o determine & from the fitted £3 via Eq. 3
A=y D/k, and (i) the concentration at the
source boundary Cp, which enabled ws to
determune jyp via Eq. 4 Co=jo vk, The
resulling  theoretical curves were 1in excellent
agreement with the experimental recovery data
(R = 095 + 0,03) (sce also wble 51), which
provided suflicient constrmints 10 conlidently
determine the actual values of 2 and w. Thus,
analysis of the experimental recovery curves,
together with Egs. 3 and 4, allowed us 10
determine the kinetic parameters £, &, jp. and w
of morphogen spreading.,

| |!|\,.' |..‘1'!.|.,'1.'I.I"'. e I,,l‘"‘ti.lhi.\il'l \'U\'I];l,'i\,'lll of {ll:]:-
Dpp was [} = 0,10 CX-
peniments), This mumber is about three orders of

= 2 y
O3 pm™s (o b

magnitude less than the cocfliciemt of free
diffusion in water of molecules with the scee of
the mature Dpp homodimer [similar 10 that of
GFP, which has D 87 um¥'s (J4)]. but
consistent with (1) restricted diffusion of Dpp in
the extrmcellular space [e.g. hindered by binding
o immobile extmeellular matnix molecules or
membrane receplors (/31 7)) and (i) endocytosis
plus reeveling of Dpp through a fast recyeling
pathway (f8). Dpp was degraded ar a mie £

252 %1074+ 1.29
GFP-Dpp hallife of about 45 min, which is
consistent with the wmover time of Dpp mol-
ccules in the developing wing determined
biochemically (7). In addition. the majority ol
the GFP-Dpp molecules in the target tissue were
immobile or moved very slowly (y =62 + %),
Le., with recovery Kinetics oo slow compancd
with the 60-min tme scale of the FRAP
expenments. This immaobile pool was stored in
imtracellular companments, because the exira-
cellular pool was equal 10 or smaller than 15% of

4 -1 :
107 5 comesponding o a

the total pool. We found 398 234
mcleculesipm s). which implics that the
Gald-dnven GFP-Dpp production rate [rom
2.69 £ .58
miolecules per cell per second. The ellective
production rate v per cell with diameter @ can
be obtined from fg by v = :u."‘,l'n w for small
values of the wadth of the source w (pm) (3)

We tested the validiy of the dilTusion and
degradation description for the FRAP recoveries
by performing FRAP experiments in differem
geometries (fiz. S4 and wable 515, The results of
these experiments were consistem with the
|t]\l1.']‘u.'1!-,i|;|:u; of the four kinetic parmmeters on
position in the tssue (sce SOM L

the endogenous source was v

After studving the GFP-Dpp kinctics, we
analyzed the dependence of gradient formation
on endocytosis by performmng the FRAP assay in
animals where the target tissue was mutant for
the thermosensitive shibird®! allele and in which
the source was rescued by a functional shifvire”
transgene |“shibirerescue™ ammals; soe mater-
als and methods and (2)]. The role of endocyiosis
has previously been studied using shibire-rescue
animals in qualitative ssays (£, 2) (50M and lig.
S5) The FRAP assay allowed us 1o determine
separately £, &, v, and v in cach experimental
condition and o measure ht.'l!'lhi.li'\.l.‘l'_'. the kinetic
clfects in conditions of partial or complee
endocytic block [in the wing, shibire™ is a tight
thermosensitive mutant at 34°C, but leaky ot
32°C (2 (fig. S5)]. In addition, during the FRAP
cxpenment, the effects could be detected im-
micediately, atter only a few minutes of block. In
control ammals, D, & v, and v were not sig-
niftcantly different at 25°C, 32°C, and 34°C (figs.
36 and 57)
were rased at the permissive wemperature, the

In shibire-rescue animals, which

A B C D E
2= & ] 1.2
Boo E - it Rl E‘na f
£ g - = ] 5 (8
- s o 08 = o
§n 1 E g gu? 3 04
E E z 04 gos -
o = =] E
€ g W 0 7 2 i} E 0

o 1000 2000 3000 7] 1000 2000 3000 n k Ll v
time [s] tirma [5]

Fig. 2. GFP-Dpp shibire-rescue FRAP assay at 32°C
and 34°C, (A and B) FRAP recovery curves of GFP-
Dpp (black) and GFP-Dpp shibire rescue (red) at 34°C
(&) and 32°C (B). Genotypes: dppGald::UAS-GFP-
Dpp'+ and shi™: UAS-Dynamin'/+; UAS-GFP-Dpp/
dppGald. (C) Average D, k, v, and v from seven GFP-
Dpp shibire-rescue experiments at 32°C normalized
to the respective averages at 32°C in GFP-Dpp (wild-
type control). Error bars, SEM. Asterisks, statistically
significant differences between shibire rescue and
wild-type at 32°C (double-sided P < 0.05). (D) GFP-
Dpp shibire rescue at 25°C (black) and 32°C (red). (E)
Average D, k, w, and v from eight GFP-Dpp shibire-
rescue experiments at 32°C normalized to the
respective average in GFP-Dpp shibire rescue at
25°C, Asterisks, statistically significant differences.

(F to M) FRAP time-lapse images of GFP-Dpp shibire rescue at 34°C as in Fig. 1, D to K.

WWW.sCIenCemad. arg
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(Fig. 2, A and F 10 M) When the block was
released by shilting the temperature down o
25, recovered inte the RO,

which indicated that the eflect was reversible
and that the lack of recovery wis not duc to

tight endocytic block at 34°C during the FRAP
experiment impaired Dpp spreading completely,
and no recovery could be detected into the RO

Muorcscence unspecilic tissue damage (g, S8).

This lack of recovery alter the ught endocyue
block was imposed could be due o decreased
diffusion or increased degradation re. Because
no recovery was observed, a theorctical curve
could not be fined to determine the actual values
of the kinetie parameters. Thus, we studied the
reeoveries under conditions of panial block of
endocytosis at 32°C, AL 32°C, the diffusion co-
efficient in shibire-rescued animals decreased by
a factor of more than 2 compared with that of
comrol animals at 32°C (Fig. 2. B and C) and
with shibire-rescued animals at the permissive
temperture 25°C (Fig, 2, D and E, and able S1).
The degradanon rate was not mercased, b
decreased by a factor of abow 2. Finally, the
production rate was also aflected, whereas v was
not {see matenals and methods). Thus endocyto-
sis 15 required not only for Dpp degradation, but
also for Dpp movement.

It 15 worh notng here that (1) given our

=
o

o o o
o

= e B
By W B

o

nomalized intensity

normalized intensity
o

L= R

m 15 X B 30
distance io sowce [pm]

0 5

L 3aaC

wl shi wit shi wil shi

B

3

v [moleculesis x cell)]
=]

0
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Fig. 3. FRAF of GFP-Wingless and GFP-Wingless shibire rescue. (A to H) FRAP time-lapse images of
GFP-Wg expressed in the wing Dpp domain. Boxes and times as in Fig. 1, D to K. Genotype: UAS-
GFP-wingless/+; dppGal4/+. Scale bar, 10 um. (I} Normalized average flucrescence in the receiving
territory of five Wg-expressing discs at 25°C as a function of the distance to the source. Black
curve, exponential fit to the black trace. (]) Four FRAP recovery traces of GFP-Wingless at 25°C. (K)
GFP-Wingless (black) and GFP-Wingless shibire rescue at 34°C (red). Genotypes: UAS-GFP-wingless/'s;
dppGald/+ and shi®': UAS-Dynamin®/UAS-GFP-wingless; dppGal4/+. (L to 0) Average D, k, w, and v
from GFP-Wingless (red; n = 9) and GFP-Wingless shibire-rescue experiments at 34°C (blue; n = 10).
Error bars, SEM. The differences are not statistically significant for any of the four parameters considered.

mmprecision of measurement (2%, see SOM). the
minimal recovery we would have been able 1o
2% of the wial pool (g, S2. E 10 G).
excluding the possibility that we might have

daect is 2%
missed a significant extracellular recovery; (ii)
other momphogens did recover in this FRAP
shibire-rescue assay, which excludes an intrinsic
artifact of the treatment as causing the lack of
recovery (see below): (il the observed effects
of endocytic block were acute, because the lack of
recovery was observed after a few minutes of
block: and (iv) the endocyiic block was reversible.

To explore whether this Kinetic desenption ol
Dpp applicd 1o other morphogens, we perfommed
the same FRAP analysis for another secreted
ligand, Wingless (W) (Fig. 3, A w H and J). In
order to compare We and Dpp, we expressed a
functional GFP-Wingless fusion (/%) at the
endogenous Dpp source, instead of the endoge-
nows source region of W in wild wpe (Fig. 3, A
o [0 We also moves in the tissue nondirection-
ally and is degraded. but had a different profile
(Fig. 313, The Dpp gradient is a long-range gra-

A C D
E 0.12 16

= 011 &
£ "€ 0.08 :‘:‘; 12
B 2006 008
£ 0.02 '
. " M . N 2 o4 ]

0 M 20 30 40 50 0 800 1200
x fum] time [s] E : F_

. i i ) 0.5 %‘25
Fig. 4. Comparison of GFP-Dpp and GFP-Wingless. (A} Normalized average 051 o
fluorescence in the receiving territory of GFP-Dpp—expressing (red) and Wg- 0.4 £
expressing (blue) discs at 25°C as a function of the distance to the source. 344 2 15
Curves, exponential fits to the traces. (B} FRAP recoveries of GFP-Dpp (red) and 0.2 E 104
GFP-Wingless (blue) at 25°C. (C to F) Average values for D, k, v, and v from 0.1 - Es
eight GFP-Dpp and nine GFP-Wingless experiments at 25°C. Error bars, SEM. 0l "0
Asterisk, double-sided P < 0.05 difference between Dpp and Wg. Genotypes: Dpp  Wa Dpp Wy
dppGald:UAS-GFP-Dpp'+ and UAS-GFP-wingless/+ dppGald/+.
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dient with decay length & = 20.2 ym, whereas, in- and/or long-term thenmosensitive shibire block 11 A {ha;pitienm et al, |. Biol. Chem. 276, 29361
these in vivo conditions, Wg made a shor-range aused an extension of the gradient in the wing (2001).
N R N Ry P R LR DO N 35 B kel R i B £,
‘I'._.m 1cnt :ﬁ- It ..I'L 'I s _.= I."n l |Eh. . | i“L 1. o EEL _-. }, \1: neh was attnbute (1] L“LrLd!‘I_l.l wl wl thﬁ. El‘ﬂph}s. J. 15| 1n55 {1915}.
4A) Which kinetie parameter coubd account for degradaton (3, 22). Our FRAP approach siudy- 13. 1. Ellenberg, ]. Lippincot-Schwartz, Methods 19, 362
this difference? Because Dpp and We have in- ing the results of an acute block suggests that (1999). _
herently different propertics—Wg is a lipid-  endocytosis is not required for We transport and 14 :-;m"‘:;::;f- P. Hoang, A. 5. Verkman, Biophys. J.
i wi b § 1y 1< y ] -l e shemimstmeely thear o et ol ¥ i
nmdl_lluj m-.:nlc-ufuh. {_H'_l, .Dpp is ol ".“ they d::grl.uj.nmu or, .l!lmulm]}. that endocytosis of o 2 Baeg, E. M. Selva, R. M. Goodman, R. Dasgupta,
are likely o display different mechanisms and  We is Dynamin-independent. N. Perrimon, Dev. Biol. 276, 89 (2004),
kinetics ol spreading through the epithelium. Alwgether, the GFP-Wingless FRAP exper- 16 € Han, D, Yan, T, ¥, Belenkaya, X. Lin, Development
The shoner decay length of the Wingless  imenits (i) validated our FRAP assay and shibire- 132, 667 (2005). 3 7

gradient was due 1o a higher degradation rmte of  rescue experiment; (i) indicated that different ]l‘; ]F E"::'u?' :‘"Ez:;aﬁw:‘w‘: ::::ﬁ;mﬂ;:gi?i
GFP-Wingless, by a factor of 5, and to a lsser morphogen gradients can be generated by in- {1998). ' ' '
extent its smaller diffusion coefliciem (Fig. 4).  dependently fine-tuning £, &, v, and w; and (5ii) 19, 5 Pleiffes, 5. Ricardo, ].-B. Manneville, €. Alexandre,
Although the Gald driver was the same in the  showed that different momphogens may use 1.-P. Vincent, Cur. Biol 12, 957 (2002).
Dppand We expenments, the production rte of  different mechanisms of tmnspon and cellular 20.. k. Wilart v, Moz 423, 448 L2003,
b i SRR & S e ™ 21 ). Groppe et ol ). Biol. Chem. 273, 29052 (1998).

g was about seven times that of Dpp, which  machineries (e.g., Dynamm-dependent versus 35 ¢ s Seip, . |. Bellen, J. Cell 8iol, 173, 95 (2006).

A F. Rives, K. M. Rochlin, M. Wehli, 5. L Schwartz,

5 DiNardo, Dev. Biol, 293, 268 (2008).

24. We thank |.-P. Vincent and A. Charpilienne for reagents,
C. P. Heisenberg and E. Enchev for critical reading of the
manuscript, as well as all members of the M.G.-G. and
F.J. graups. This work was supported by the Max Planck
Society, Deutsche Forchungsgemeinschall, Valkavagen
Stiftung, the European Union, and the Human Frontier
Science Program.

mmplied that their mawration and secretion were
controlled differently. In addition, while 62% of
the Dpp molecules were immobile, the We poaol
was almost fully mobile at 2590 (w =92 = 13%),
although, unlike Dpp, a sigmificant immobile
Iraction appearcd at lugher expenmental temper-
atures (Fig. 3, K and N). The difterent immobile 3
fractions of Dpp and We at 25°C validated the
specificity of the Dpp immobile fraction. Thus,
the immaobile fraction was not an artifact of

Dynamm-independent transport) o aclieve the 23,
formation of morphogen gradients.
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mRNA folding could mfluence splicing, pro-
cessing, or translational control and regulation
0, 11y A third possibility is that the effect off
the C3435T polyvmorphism on the levels of
cell surface P-gp activity or its function is
miher modest or drug-specific. Finally, nu-
merous environmental factors are known 1o
afTect the expression and phenotypic activity
of P-gp ({2}

To determine whether the C3435T poly-
morphism actually does affect P-gp activity, we
expressed wild-tvpe and polvmorphic P-gps in
HeLa cells with the use of a transicnt expres-
sion system (£ 30, The same experiments were
carriecd out on BSC-1 (cpithclial cells of Al
rcan green monkey kidoney origing, Vero-To
{monkey kidney cells), and 12E1 (CEM human
cellsy cell lines (/4), with similar results,
indicating that this phenomenon is not specific
to Hela cells.

A “Silent” Polymorphism in the MDR1
Gene Changes Substrate Specificity

Chava Kimchi-Sarfaty,*t Jung Mi Oh,t1 In-Wha Kim, Zuben E. Sauna,
Anna Maria Calcagno, Suresh V. Ambudkar, Michael M. Gottesmant

Synonymous single-nuclectide polymorphisms (SNPs) do not produce altered coding sequences,
and therefore they are not expected to change the function of the protein in which they occur,
We report that a synonymous SNP in the Multidrug Resistance 1 (MDR1) gene, part of a haplotype
previously linked to altered function of the MDR1 gene product P-glycoprotein (P-gp), nonetheless
results in P-gp with altered drug and inhibitor interactions. Similar mRNA and protein levels,

but altered conformations, were found for wild-type and polymorphic P-gp. We hypothesize that
the presence of a rare codon, marked by the synonymous polymorphism, affects the timing of
cotranslational folding and insertion of P-gp into the membrane, thereby altering the structure of
substrate and inhibitor interaction sites.

he MR gene product, the adenosine

I triphosphate (ATP)-binding cassetie
(ABC) trnsporter ABCBI or P-gp, is

an ATP-driven eMux pump contributing 1o the
phammacokinetics of drugs that are P-gp sub-
strates and 1o the multidrug resistance of cancer
cells (f, 23 To date, more than 50 single-
nucleotide polymorphisms (SNPs) have been
reported for MDRT (www.nebinlm.nih.gov
SNPGeneGreer? genelD=5243). One of these,
a synonymous SNP in exon 26 (C3435T), was

sometimes found 1o be associated with aliered
P-gp activity (3-6) and, when it appears in a
haplotype, with reduced functionality (7). This
association may be explained in differem ways,
Perhaps it is because C3435T is in linkage dis-
equilibrium with other common functional non-
synonvmous polvmorphisms such as G2677T.
In fact, the CI236T (a synonvmous SNP),
G2677T, and C3435T polymorphisms are part
ol a common haplotype (8, 9. Another possible
explanation is that allele-specitic dillerences in
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Fig. 1. Drug transport
function of wild-type
MDR1 and seven MDR1
SNPs and haplotypes.
The drug efflux from
vaccinia virus infected/
transfected Hela cells
was determined by
FACS analysis. Cells
were transfected with
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transfection on Rh123 efflux (0.5 uM) in the presence of an inhibitor, 10 uM Csh; infected/transfected DNA, (D) 3 pg, (E} 10 ug, (F) 15 pg.
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Fig. 2. mRNA levels and P-gp
expression in the vaccnia expression
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system. (A) Analysis of pTM1 only, § o
wild-type MDR1, and the haplotype 2 125
C1236T-G2677T-C3435T (3X) with g 95
real-time quantitative RT-PCR.

Crossing-point values for the graph E -
on the left are plotted in the histo- § 35
gram. (B) Assessment of cell surface ™ o5
expression, using MRK146 maAb of all

nine constructs as described in Fig. 1.
(€) Confocal assessment of MDR1 ex-
pression, using MRK15 mAb with
fluorescein isothiocyanate—conjugated
secondary antibody of pTM1 (control;
left panel), pTM1-MDR1 (wild-type
P-gp; middle panel), and C1236T-
G2677T-C3435T (right panel). (D)
Immunoblot analysis of pTM1 only,
wild-type MDR1, and the haplo-
type C1236T-G2677T-C3435T (2 ug
proteinlane) with C219 mAb (14). The
mature fully glycosylated (~170 kD)

5 10

pTM1

15 20 25 30 35 40 45 o
Cycles

pTM1 MDR1

MDR1 C1236T-

G2677T-C3435T

and immature P-gp bands (=150 kD} are marked by arrows (19).

Assays for P-gp’s transpon function with the
Auorescent subsirates Rhodamine 123 (Rh123),
bodipy-FL-paclitaxcl, bodipy-FL-verapamil,
daunorubicin, bodipy-FL-vinblasting, and calecin-
AM (14, 13) were performed on Hela cells ex-
pressing the MDR1 wild-ype: polymorphisms
at C1236T, G2677T, or C3435T: and haplotypes
consisiing of these polymomhic vanant combi-
nations: CI1236T-G26T7T, CI236T-C3435T,
G26T7TT-C3435T, and CI1236T-G2677T-
C33IST. The functions of P-gp for all single-
polymomphism plasmids as well as Tor wild-type
MDRI, as measured by intmeellular accumula-
tion or by efflux of Nuorescent compounds, were
nod distinguishable under standard conditions
(/4% Hela cells expressing double- and tniple-
haplotype mutants also revealed resulis similar
to those for the single mutants (Fig. 1, A w C).
However, the P-gp inhibitors eyclosporin A

26 JAMUARY 2007  VOL 315

(CsA) and verapamil (fig. S1) were less cffec-
tive against all the substrates in cells express-
ing the double or wriple haplotypes carrving
C3435T relative o the wild tvpe, the SNPs, or
the haplotype that does not carry C3435T.
Thus, it is not the presence of the nonsynon-
ymous polymorphism G267TT that resulis in
the phenotype, but rather the presence of C3435T
in combination with one or two of the other
polymomphisms,

We next tested 1o see whether these dilfer

ences comelated with the concemrmions of

transduced plasmid DNA. The expression and
function of all ransduced cells were measured by
Nuorescence-activated cell sorting (FACS) with
MRE16 monoclonal antbody (mAb) staining
and by Rhl123 in the presence of CsA, nespee-
tively (440 The differences in inhibition by CsA
and Rhl23 between the cells expressing wild-

SCIEMCE

type MDRI and the haplotype C1236T-G2677T-
C3435T were more distinet as the conceniration
ol the DNA increased (Fig. 1, Dto F). These data
suggest that the differences were more pro-
nounced at higher levels of mRNA where more
P-gp was being tanslated in the cells. The ex-
pression levels of P-gp from the vaccinia infoc-
tion‘trans fection sysiem and cells of normal
human adrenal glands were found o be compa-
rable (fig. S2)

Figure 51, C 1o E, shows that the haplotypes
including C3435T had aliered susceptibility 1o
verapamil, but not to rmpamyein (g, S1F) (f4).
When the cells were incubated with the inhib-
ors belore adding the Muorcscent substranes, as
opposed 10 simultancous incubation with the
drugs, the same pattem was observed. Bodipy-
FL-verapamil, wild-type P-gp. and the haplotype
(C1236T-G26TTT-C3435T) exhibited differem

www.sCliencemag.org




Fig. 3. Determining the sen- A B

sitivity of wild-type and the an T~ as

haplotype C1236T-G2677T-  § GosTrCumT  §

C3435T Pgp to trypsin, Crude B * WidType _’g :

membranes prepared from 'é‘“ 3“

VTF7-3 infected/transfected o oz o o2 .

Hela cells expressing wild- s -

type MOR1 or the haplotype LI R . T
C1236T-G2677T-C3435T Trypsin (]
were treated with InCreasing  yom;.cozser . 2
concentrations of trypsin and Gaa77TCaST .-! a e

the disappearance of the

P-gp band was quantified as Wdtive

parr

T

described above. (A} Experi-
ment performed in the ab-

Trypsin [ug)
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sence of verapamil; 1Csg = 2.1 pg (wild type), 7.1 pg (C1236T-G267 71-C34357). The mature (170 kD) and
immature (150 kD) P-gp bands were also analyzed separately; 1Csq = 0.68 g (wild-type immature), 2.9 pg
(haplotype immature), 2.8 pg (wild-type mature), 10.8 pg (haplotype mature). (B} Same experiment in the
presence of 30 uM verapamil; [Csg = 3.7 ug (wild type), 3.3 ug (C1236T-G2677T-C3435T). Values for the
mature and immature P-gp bands: ICsy = 2.5 pg (wild-type immature), 2.5 pg (haplotype immature), 3.6
ug (wild-type mature), 3.2 ug (haplotype mature). Immunoblots with €219 mAb are shown at the bottom.,

Ag

Badipy-verapamil + digoxin

10t

Fig. 4. Drug transport function of wild-type and
two MDR1 haplotypes. The drug efflux of
vaccinia infected/transfected Hela cells was
determined by FACS analysis (14). Cells were
transfected with pTM1 (control; purple), MDR1,
(wild-type P-gp; green), C1236T-G2677T-C3435T1
(red), and C1236T-G2677T-C3435A (brown). (A}
0.5 uM bodipy-FL-verapamil in the presence of
500 pM digoxin; (B) 0.5 uM Rh123 in the
presence of 150 uM digoxin.

accumulations in a concentration-dependent
manner, suggesing a change i aflinity (fig. 83).

Synonymous SNPs or mutations can cause
inactivation of the native splicing donor sie,
which resulis in a premature stop codon (f6) or
exon skipping, vielding a shorier mRNA., A
prrevious repornt indicated that the polymorphism
C3435T resulied in decreased levels of mRNA
expression (/71 We therefore compared mRNA
levels (/4) in the wild-type and haplotype
(CL236T-G26TTT-C3435T) with the use of
real-time quantitative reverse transcription poly-
merse chain reaction { RT-PCR ), which revealed
cquivalent mRNA levels (Fig, 2A). Western blos
using C219 mAb showed comparable 1ol cell
expression of P-gp, and the infected transfeeted

cells expressed the same levels of P-gp as de-
termined by FACS assays and immunohisto-
chemical staining with MRK 16 mAb (Fig. 2, B
and C). This result was reproduced in dilferent
cell lines including BSC-1, Vero-76, and 12El

(fig. 54). The complete amino acid sequence of

MDR | haplotype C1236T-G26T7TT-C3435T pro-
tein was identical to the predicted sequence.

We hypothesized that a conformmeation dif-
lerence between wild-type and haplotype P-gp
might explain these results, Indeed, UIC2 (/4), a
conformation-sensitive mAb, alone or in com-
bination with CsA or vinblastine st 37 C,
revealed pronounced differences in binding con-
sistent with aliered conformations in the haplo-
type (lig. 83) (1%8). To determine whether there
are subtle differences in the folding of wild-tvpe
and haplotype P-gp, we comparcd their relative

-

suscepiibility to trvpsin, Figure 3 shows the

disappearance ol the P-gp band as a lunction of

trvpsin concentration. The concentration required
for 50% degradation (1C s, here expressed as pg
trvpsing was greater for haplotype P-gp than for
wild-type P-gp by a factor of about 3.4; this result
imiplies that the two have slightly dilferent teniary
structures, Both wild-type and haplotype P-gps
had comparable 1Ceq (pg trypsing values in the
presence of verapamil, which suggests that the
altered conformation can be corrected by drug
interaction with P-gp. The immature, corc-
glycosylated form of P-gp (1530-kD band) was
more sensitive 1o irypsin than the mature, zlyco-
sylated lomm, consistent with ( /%), by a lactor of 5,
However, the mtios (wild-type:haplotype) of the
ICsq (g rypsing values were comparable for the
mature and immature bands (3.86 g versus
4.4 pg) Thus, it is unlikely that altered glyco-
sylation is responsible for the functional dilfer-
ences observed,

The wse of rare codons appears to influence
the trnslation rate, which in wrn affects protein
folding (20-23), with the third base in the codon
having the largest effect (26). We hypothesize
that as the cell produces more P-gp (Fig. 1, D 1w

REPORTS

F). the role of codon usage may become more
cnical when cerain IRNA specics become de-
pleted. The codon usage for the SNP ot position
1271236 with GGC changed o GGT  (hoth
encode Gly) changes from 34% [relative synon-
ymous codon usage (RSCU), 224] w 16%
(RSCLL 10.8). The SNP at position 212677 that
changes GOT (Ala) 1o TCT (Ser) also uses a less
common codon (26% to 18%:; RSCU valucs
change from 18.5 1o 15.1). The SNP at position
26/3435 that changes the codon from ATC (1le)
o ATT (1le) reduces the codon usage [rom 47%
to 35% (RSCU values change from 20,9 10 1 5.8),
Clusters of rare codon usage (table S1) ocour
both upstream and downstream of cach ol these
SNPs, Codon usage rates are similar in humans
and monkevs, which explams the similanty in the
results with all tinsduced cells (27).

To test whether codon usage compromises
P-gp lunction, we introduced C3435A (isoleucine
codon usage for ATA 15 8%, RSCU 74)
produce the haplotype C1236T-G26TTT-C3435A.
Functional assays wsing bodipy-verapamil or
RE123 in the presence of digoxin (Fig. 4, A and
B) showed even larger decreases in inhibitor
effects between this haplotype and the common
haplotype C1236T-G267TT-C3435T. Morcover,
use of Rhi23 in the presence of fexofenadine
revealed median Nuoreseence of 26.9 for the wild
type, 24.3 for C1236T-G267TT-C3435T, and 20,3
for C1236T-G26T7TT-C3435A. The median fluo-
rescence in the presence of paclitaxel and fexo-
fenadine was 382 for the wild tvpe, 28.6 for
CI236T-G26TTT-C3435T, and 22.9 for C1236T-
G26TTT-C3435A.

The amino acid sequence of proweins is gen-
crally believed 1o detenmine protein expression,
folding, and function; mutations that alter the
primary structure of a protein can affect these
propertics. The imponant question addressed by
this swudy is the role of silent mutations (i.c..
those that do not affect amino acid sequence) in
proicin folding and function. Recent theoretical
studies have suggesied that codon usage is not
random, and experimenial studies in prokaryoies
suggest that this may be so (25). Here we show
that a silemt mutation in a complex, mammalian
membrane transport protein alters the substrate
specificity. We hypothesize that when frequem

codons are changed to rare codons in a cluster of

infrequently wsed codons, the tming of cotrans-
lational olding is affected (29) and miay result in
altered function. This finding may be clinically
impaortant. For example, mutations in the MRPA
{ABCCH) zene cause the disease pscudoxan-
thoma clasticum, bul missense and nonsense
mutations are found in only about 602 of cases
(30, raising the possibility that mutations that
do not change coding sequence may contribute
to disease by a similar mechanism,
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Imaging of Germinal Center Selection
Events During Affinity Maturation

Christopher D. C. Allen,* Takaharu Okada,*t H. Lucy Tang,t Jason G. Cystert

The germinal center (GC) is an important site for the generation and selection of B cells bearing
high-affinity antibodies, yet GC cell migration and interaction dynamics have not been directly
observed. Using two-photon microscopy of mouse lymph nodes, we revealed that GC B cells are
highly motile and extend long cell processes. They transited between GC dark and light zones and
divided in both regions, although these B cells resided for only several hours in the light zone
where antigen is displayed. GC B cells formed few stable contacts with GC T cells despite frequent
encounters, and T cells were seen to carry dead B cell blebs. On the basis of these observations,
we propose a model in which competition for T cell help plays a more dominant role in the
selection of GC B cells than previously appreciated.

erminal centers (GC) represent eritical
sites within orzanized lvmphoid tissues
in which B cell responses to antigen are

Fig. 1. Dynamics and motility of GC B cells compared
with follicular mantle (FM) B cells and plasma cells (PC).
(A} An 18-um maximum intensity z-projection from two-
photon microscopy image stacks of a GC and FM in an
intact LN. A time-lapse recording comresponding to the
center of this region is shown in movie 51. (B} Rep-
resentative time-lapse images from two-photon micros-
copy showing the morphology of a GC B cell, FM B cell,
and PC. The FM B cells in this experiment were naive
GFP* cells that were also labeled with CMTMR (10), and
only the GFP channel is shown in the images. Scale bars,
10 um. (C) Superimposed 15-min tracks of 40 randomly
selected cells of each indicated type in the xy plane,
setting the starting coordinates to the origin. Units are
in micrometers. WT, wild type. Each color represents one

amplified and refined in specificity. A classical
maodel of GC function holds that B cells in the
dark zone undergo rapid rounds of proliferation

A D

capsule

37 R

and somatic hypermutation ol their antibody
genes, followed by exit from the cell eyele and
movement o the light zone, where the B cells
underzo selection based on the affinity of their
surface antibody for antigen (/-5). The selection
process is thought 1o involve competition be-
tween GO B cells for capture ol antigen in the
form of immune |.‘|.|:|Ip|¢.\~.".\ n..ll'.-\|'l|;|}|.1.i on the
processes of follicular dendritic cells (FDCs)
(1, 3, 5 6). However, recent experimental evi-
dence and computer simulations have contra-

dicted aspects of this classical model (3, 7-9),
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and the mechanism by which selection occurs in
the GC has remained elusive. One of the chal-
lenges in studying GO selection has boen a lack
ol knowledge about the dynamies ol GO B cells
i ther complex physielogical milien

We developed a system o study the dynam-
ics of GC B cells within intact mouse lymph
nodes (LNs) by two-photon microscopy [ the
system s desenbed in detail in the supportng
onlme material { SOM ptext] (), In this svstem,
| 1o 2% of GO B cells expressed green fluo-
rescent protein (GFPY (Fig. 1A and figs, S1 and
52) and by our measurements were able o un-
|,||,'|'_un Ltll.,' :IIU|'I:I'I:I] F'FI'I W ma s |I|. 1,'|;1n.'1 Ry i!l.,"tli]l_',:,
somatic |1}]‘-u:1|!1:|[:|[iur|, and .||'1-IJL'II}. maturation
(figs. S3 and S4). The dynamics of GC B cell
maotility in explanted LNs were compared with
two other B cell populations: (1) naive B cells
irepresenting B cells before antigen encounter)
in the follicular mantle that surrounds the GC
and (1) plasma cells (representing post-selectod
B eells that seercte antibodies) in the LN
medulla (SOM wext). GC B cells had highly dy
nanuc shapes, extending dendntic processes re-
sembling pseudopods as they moved (Fig. 1B
and movie S1), whercas naive lollicular manile
B cells and plasma cells exhibited a more round
phenotype (Fig., 1B). Similar observations were
made when GC and [ollicular mantle B cells
were imaged by imtrvital microscopy of intact
LNs (movie 52). Tracking analysis indicated
that GC B cells were highly motile, similar 1o
follicular mantle B cells, whereas plasma cells
showed linle maotility (Fig. 1C; fig. 85, A to E;
fig. S6: and movie S3). GC B cell motility was
partially dependemt on the chemokine CXCLI13
(Fig. 1C and Mg, 55) that s expressed by FDCs
(SOM texty i £1).

On average, GC B ocells formed separate
clusters from naive B cells in the follicular
manthe (Fig. 1. A and D), giving the impression
of distinct regions tvpically seen in static images,
such as those obtained by immunohistochem-
istry (for an example, see g S2C). However,
examination of the boundary between these
regions revealed that the tracks of GC B cells
and follicular mantle B cells were overlapping
(Fig. 1D and movie 54), indicating that a
physical boundary docs not demarcate the GC

and follicular mantle. Instead, the muority of

cells umed after crossing (rom one region to
the other, suggesting that the GC and follicular
mantle are scereeated by the responses of cells
to attractive (or repulsive) cucs,

he behavior of cells in GO dark and light
2ones was exammed by labeling hight zone FDCs
in vivo with immune complexes containing the
Muorescent protein phycoerythrin (PE) (Fig. 2A
and movie 83). B cells in dark and light zones
WOore x:n'liJ'.uI_\ motile II-I_:1. ST In 1 hour, most
GC B cells appeared o stay within the dark or
light zones, although a measurable proponion (3
to 8%) traveled along relatively siright paths
[rom one zone 1o the other, covenng substantial
distances (Fig. 2, B and C, and movies 56 and

WAW.SClencemad].org

Light zone to dark z C Light 2one Dirk zon

GC :J-.'I-‘l'.";\‘.lrl-t‘ light zone Total cells

1A 3 26

B 3 162

Total 6 (2%) 9(3%) 258

2 A : 122

one to ight zon B 1 \ 100

i e Total 5(2%) 12(5 222

3A i 112

K B 3 108

Total 7 (3%) 10(5 218

Fig. 2. GC B cell movement within and between GC dark and light zones. (A} Immunofluorescence of
cryostat sections showing extensive overlap of in vivo deposited PE immune complexes (PE IC) (red) with
FDC-M2 antibody staining (green). The follicular mantle is shown with staining for immunoglobulin D
{lgD} (blue). Scale bar, 100 um. (B} Representative manual classification (10} of cell tracks into groups
with respect to the PE* light zone, corresponding to GC 1A in (C). The gridlines are separated by 20 um.
(C) Frequency of cells traveling between the light and dark zones in three GCs imaged 7 days after
immunization. Imaging sessions of 1 hour each were subdivided into two segments (A and B) to
facilitate analysis.
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Fig. 3. Cell-cycle analysis in dark and light zones. (A and B) Single-plane time-lapse images of
dividing GC B cells in the light (&) and dark (B} zones. The image sequences begin when the cells
have rounded up and stopped moving. (C) CXCR4 is expressed more highly on GC B cells in the
dark zone than in the light zone. (Left) Representative immunohistochemistry of a cryostat section
of an immunized mouse LN (antibodies used for staining, bottom right). (Right) Representative
gating of CXCR4" (light zone) and CXCR4A™ (dark zone) GC B cells by flow cytometry. (D) Rep-
resentative cell-cycle analysis of GC B cells by flow cytometric measurement of DNA content. DAPI,
4, 6-diamidino-2-phenylindole. (E) Frequency of cells that were in each stage of the cell cycle in
the CXCR4'™® and CXCR4™ GC B cell subsets. (F) Frequency of cells that were BrdU* in the CXCR4"®
or CXCRA™ GC B cell subsets after BrduU injection at 0 hours. {G) Frequency of cells that were in
each stage of the cell cycle among BrdU™ GC B cells. Data points in (E) to (G) represent individual
mice, Similar data were obtained in splenic GCs in other experiments. GC B cells in (C) to (G) were
gated as in fig. S9A.

SCIENCE WOL 315 26 JANUARY 2007

529




530

570 These observations extend previous conclu-
sions basad on fixed tissue analysis (1) that GC B
cells migrate from the dark zone to the light zonc
and provide direct evidenee that GC B cells retum
from the hght 2one o the dark zone. Witlun the
light zonc, FXC processes appeared o undulate,
perhaps due o displacoment by migrating GC B
cells (movie 555 However, there was little evi-
dence that GO B cells pause on FDC processes, in
contrast to observations of the T cell-DC mter-
actions in the T eell arca (/23 GO B cells n the
light zone followed stmighier paths than those in
the dark zone (fig. 57, B and C), which may relate
1o the hi:._'h concentration of CXCLL3 on the FIXC
|'||'11L'1.1\:‘.L':‘\ i]l ||IL" I]:.,_'l!l A00NC | .'I'I |8

During ume-lapse mecordings, we occasion-
ally observed cell division n both hight zones
i(Fig. 3A) and dark »ones (Fig. 3B), consistent
with other studies that have -.|1|ch!iu|'.x,'x| the
classical model that ]‘J'{l|i|L‘J‘.LliLII1 un|} GCCurs in
the dark zone (3, &, 13). We lunther analyecd the
relationship between GO B cell position and cell-
cyele behavior by low eviometry (SOM text),
using surlace abundance of the chemokine ne-
ceptor CXCR4 (Fig, 30) as a marker 1o delincate
cells in dark (CXCR4™) and light (CXCR4®)
zones (1), Analysis of DNA content (Fig. 31}
revealed that a similar proportion of GC B cells
werein S |'lh:|..v.‘ in both dark and | i_!.'_|'|l.-'m|uh | l"i:,:.
IEL A subset of cells was tracked over one
complete cell evcle by pulse labeling with 5-
bromo-2"-deoxyuridine (BrdU), a thymidine an-
alog that is incomporated into cells undergoing
DMA synthesis (S phase) near the tme of Brdl
mjection (). A similar proportion ol GC B cells
i dark and light zones were labeled 30 min aller
BrdU impection: however, alter 5 hours, at which
time the cells had divided and raturned 1w Gy
prhase, they accumulated in the dark zone but not
in the light zone (Fig. 3. F and G: g, S8: and fig.
S9), These observations indicate that cells that
divide in the light zone do not stay resident
there—perhaps they retum to the dark zone, exit
the GC, or undergo apoptosis. From 3 1o 12
hours after BrdU injection, the Gy phase cells
that had sccumulated in the dark zone began to
appear in the light zone, suggesting that the light

zone is replenished continuously by an influx of

cells from the dark zone that recently completod
acell evele (Fig. 3, F and G fig. 58; and lig. 59).
Cells were not seen reentenng S phase untl 12
hours after they were first labeled with Brdll in
S phase (Fig. 3G and fig. 89, C and D), in-
dicating that the average cellcyele time 15 12
hours or longer. rather than 6 10 7 hours as has
been concluded m previous studies (f )

T eells are concentrated i the light zone (1),
and T cell help is thought to be essential for GCs
(3. 45} To understand the mode of B cell-T cell
imteraction m GCs, we visuahzed the inmerac-
tions between GFP GO B cells and GO T cells
cxpressing cvan fluorescent protcin (CFP)
(movie 58). Most contacts between GC B and
T cells were of shont duration ( Fig. 4A ), and only
about 4% of GC B cell-T cell encounters led wo
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the formation of stable conjugates, defined here
as contacts lasting for more than 5 min (Fig. 4,
B and C). In contrast, carly in the immune re-

sponse belore GO fommation, more than 50% of

contacts between cognate antigen-specilic B
and T the formation of stable
conjugates (Fig. 4C and movic 39) (/4). Lpon
encounters leading 1o stable mteractions with
GO B cells, apidly migrating GC T eells sharmp-
Iy decreased their motility o match B cell mo-
tility (Fig. 4D), and conjugates were led by B
cells (movie 5109, similar 1o the dvnamics ol
stable B-T conjugates carly in the immung

cells led 1o

response (/o) [he median u.'|u-.,'il_~. of GO

o
g
m

=
[ =

o 4 l !,i_l... l.
0 5 10 20 30 40 50 &0
Contact timea (min)

cells stably interacting with GFP B cells was
below 10 pm/min (Fig. 4E). Only 32% of total
GO T cells showed a median velocity below
L pomyman (Fig. 4E ) and the motlity coctlicient
of GO T cells was greater than that of GC B
cells (Fig, 4F and lig. S3E), strongly suggesting
that the majority of T cells in GCs were no
engaped in stable ineractons with B cells. Our
analyses suggest that ecach GC B cell en-
counters as many as 30 T cells per hour and
that the majority of GC B cells are capable ol
binding amigen (fig. S3B). It thus scems likely
that T cell help is limited, not only because

there are fewer T cells than B cells, but also

day 7
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Fig. 4. Dynamics of GC T cell interactions with live GC B cells and dead B cell blebs. (A and B}
Time-lapse images of a brief contact (A} and a stable conjugate [(B), arrowhead and dotted line] of
a GC B cell (green) and T cell (blue). (C) Contact times between antigen-specific B and T cells at the
indicated number of days after immunization. Black bar segments indicate conjugates that could
not be tracked for their entire duration and therefore are underestimates. Data are from three
independent experiments. (D} Magnitudes of the velocities of a GC B cell and T cell that formed a
stable conjugate. (E) Median velocity of total GC T cells, GC T cells stably interacting with GFP* GC
B cells, and GC T cells stably interacting with GFP* blebs. (F) Displacement of GC T cells plotted
against the square root of time. Blue line, mean of four imaging data sets from four recipient mice
(error bars indicate SD); red line, mean of seven T cells stably interacting with GC B cells; M,
motility coefficient (10). (G) Image of a GC B cell undergoing cell death. Dotted line, 5-min track of
migration preceding the first time point; arrowheads, fragments of the cell. (H) Image of a GC T
cell (blue) picking up a GC B cell bleb {(green). (I} Image of a GC T cell (blue} carrying a GC B cell
bleb {(green, indicated by arrowheads) over a path shown with a dotted line. Some follicular mantle
cells (red) are also visible. (1) Contact time distribution between GC T cells and GFP* GC B cell
blebs from three independent experiments. Black bar segments indicate incomplete tracking as in

(C). Scale bars, 10 um.
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because of additional mechanisms suppressing
stable B-T interactions in (GCs.

Dunng the sclection process i GCs, many
GC B colls dic and are visible by histology as
“tingible bodies™ inside macrophages (). The cell
bodies of dving GFP™ GC B eells were observed
to underzo fragmentation (Fig. 4G, but surpris-
ingly, this occurred outside of macrophages
(movie S11L Blebs of dead GFP™ GC B cells
appeancd 10 be aken up by multiple macrophages
{movie S11), alhough some blebs moved mpidly

away from the original location of cell demh, as il

carried by motile cells (movie 82). Indeed, some
GFP™ B cell blebs were attached 10 and camied by
rapidly migrating CFP” T cells (Fig. 4, H and 1,
and movie 512). All T cells that carried GFP”
B cell blebs had a median velocity greater than
10 pm/min (Fig. 4E), suggesting that they were
not undergoing stable interactions with living B
cells, The GFP™ GC B cells represent only about
I 10 2% of GC B cells, and we observed aboul
05% of T cells carrying GFP™ blebs: by ex-
trapolation, at least one quarter of the GC T cells
may be msociaed with one or more blebs from
dead GC B cells. A higher froquency of bleb-T
cell imeractions were stable compared with live
B cell-T cell imeractions (Fig. 4, C and 1), sug-
gesting that these dead B cell fragments may
affeet the availability of T cell help in GCs,

Our findings reveal that GC B cells ane high-
Iy motile and exhibit a probing behavior as they
travel over the antigen-bearing FDC network.,
The lack of GC B cell pausing suggesis that the
selection mechanism does not involve competi-
tion for adhesion w0 FDCs, whereas the mapid

movement of B cells in close proximity to cach
other raises the possibility that high-affinity cells
remove surlace-bound antigen from  lower-
aflinity cells, The observed migration of GC B
cells from light to dark zones is consistent with
GO B cells undergoing repeated rounds of mu-
tation and sclection within a given GC (1 7). Our
estimate that GC B cells spend only several
hours in the light zone suggests a limited amount
ol time 1o access helper Teells. Given that stable
interactions oGO B eells with GO T eells were
infrequent, it seems possible that T cell help is a
limiting factor driving selection of higher-
affinity B cell clones, In vitro studies have
shown that T cells responding to antigen-
presenting B cells can be sensitive to vanations
in the aftiniy of the B cell receplor across sev-
cral orders of magnitude (/8). We propose a
selection model in which newly ansing mutated
GC B cells with higher allinity  for antigen
obtain and process greater amounts of antigen in
a given period of time and then outcompete the
sumrounding B cells and B cell blebs for the
attention of GC T cdls,
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Damage to the Insula Disrupts
Addiction to Cigarette Smoking

Nasir H. Naqvi,® David Rudrauf, Hanna Damasio,*® Antoine Bechara

134,

A number of brain systems have been implicated in addictive behavior, but none have yet been
shown to be necessary for maintaining the addiction to cigarette smoking. We found that smokers
with brain damage involving the insula, a region implicated in conscious urges, were more likely
than smokers with brain damage not involving the insula to undergoe a disruption of smoking
addiction, characterized by the ability to quit smoking easily, immediately, without relapse, and
without persistence of the urge to smoke. This result suggests that the insula is a critical neural

substrate in the addiction to smoking.

igaretic smoking, the mosi common pre-

ventable cause of morbidity and mortal-

ity in the developed world (/) is an
addictive behavior, Despite being aware of neg-
ative consequences, many smokers have difficul-
ty quining, and even those who quit experience
urges o smoke and wend 1o relapse (2, 3 These
phenomena appear to artse rom long-term adap-
tations within specilic neural systems. Subcortical
regions, such as the amygdala, the nucleus
accumbens, and the mesotelencephalic dopamine
system, have been shown in animal models w0

promote the selfFadministation of diugs of abuse
(4, 5). Functional imaging studics have shown
that exposure to drug-associated cues activates
cortical regions such as the anterior cingulate
cornex, the orbitolrontal cortex, and the insula

(- £3), Among these regions, the insula is of

particular interest because of its potential role in
conscious urges, The insula has been proposed 1o
function in conscious emotional feclings through
its ole in the representation of bodily (intero-
ceptive) states (/4-76). Activity within the in-
sula on both sides of the brain has been shown 1o

comelate with subjective cue-induced dug urges
(7. & 1) It has also been shown that a high
amount of activity in the right insula during a
simple decision-making task is associated with
relapse to drug use (/7). Given its potential role
in cognitive and emotional processes that pro-
moie drug use, the question arises as 1o whether
the insula is necessary for maintaining addic-
tion to smoking. We hypothesized that the in-
sulais a catical neurl substrate in the addiction
to smoking. We predicted, therefore, that dam-
age to the insula would disrupt addiction o
smoking.

We idenufied 19 cigarctie smokers who had
acquired brain damage that included the msula
(/%) Six of these patients had right insula
damage, and 13 had lefi insula damage. We also

Division of Cognitive Neuroscience, Department of Meu-
rology, University of lowa Carver College of Medicine, 200
Hawkins Drive, lowa City, 1A 52242, USA, ’I.ahnratorjr of
Computational Meurcimaging, Department of Meurology,
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Drive, lowa City, 1A 52242, USA. "Domsife Cognitive Neu-
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Fig. 1. Number (N} of
patients with lesion in each
of the regions identified in
this study, mapped onto a
reference brain. Bounda-
ries of anatomically de-
fined regions are drawm
on the brain suface. Re-
gions names are provided
in the Materials and Meth-
ods. Regions not assigned
a color contained no le
sions. (Top) All patients.
The horizontal line marks
the tranwverse section of
the brain shown in the top
row. The wvertical line
marks the coronal section
shown 1n the bottom row.
(Middle} Patients with
lesions that involved the
imsula. (Bottom) Patients
with lesions that did not
imvolve the insula.

Fig. 2. Patients who
quit smoking after lesion
onset and patients who
underwent a disruption
of smoking addiction af-
ter lesion onsel. (A) Tree
diagram showing the be-
havioral classification of
patients. (B} Pie charts
illustrating the proportion
of patients in each ana-
tomical group who fell
into each of the behavior-
al categories. The colors
correspond to the be-
havioral group depicted
in (A). These actual pro-
portions are shown in the
Materials and Methods.
The proportion of patients

with a disruption of smoking addiction was higher among both left insula—lesioned patients and right insula—
lesioned patients compared with among noninsula-lesioned patients.

All
(N=68)

Insula
(N=19)

insula
(N=50)

Left Right
insula insula
1
5 o
T
1 5
B Hon-quitiers

7 Guisers with ne disruption of smoking sddicson
W Quitiars with disrupison of Smoking sddicion

identificd a group of 30 cigarcite smokers who
had acquired damage that did not include the
insula. All of these patients had been smoking
more Lthan live cigareties per day tor more than 2
yvears at the wme of ksion onset. The groups
were matched with respect to several chameter-
istics, including the number of cigarcies they
were smoking at lesion onset, the wial number
of years they had been smoking at lesion onset,
and the ctiology oftheir brain damage (Fig. 1 and
table 81,

First, we performed a logistic regression
analvsis in which the dependent variable was
whether or not patients quil smoking some ume
afier lesion onset (1.e., whether or not they were
smoking at the ume of the swdy). The inde-
pendent variable of mierest was the extent of
damage i the mnsula on a given side. An cs-
timate ol the total extent of the lesion was
entered as a nuisanee covariable (Matenals and
Methods), We found that the likelihood of quit-
ting smoking alier a lesion in either the right or
the left msula was not sigmblicantly higher than
the likelihood of quitting after a noninsula lesion
(odds ratio = 2.94, ¥* = 2.74, and P = 0.10).
When we examined the right and lefi insulac
separately, we found that the likelihood of quit-
ting smoking was not signilicantly higher aficr a
right insula lesion than after a noninsula lesion
(odds ratio = 2.53, %° = 2,98 and P = 0,08), nor
wias it signilicantly higher after a left insula le-
sion compared with after a noninsula lesion
(oddsratio= 1.44, ¥*= 1.12, and P=0.29) (Fig, 2
and table 53). One explanation of this null find-
ing is that, whereas the insula-lesioned patients
may have quit smoking due 1o a disuption of
smoking addiction, the nominsula-lesioned pa-
tients may have quit smoking at a similar rate
because they were concerned about the negative
consequences of smoking. Simply detenmining
whether the patients were smoking at the time of
the study did not address this distinction.

To more specifically assess a disruption of
smoking addiction, we asked all of the patients
who quit smoking after lesion onset a set of
questions. aimed at their recollection of the
experience of quitting, Patients were classified
as having had a disruption of smoking addiction
i they fulfilled all four of the following criteria;
(i) reporting quitting smoking less than 1 day
alier lesion onset, (1) reporting that they did nom
start smoking again afier they quit, (ii1) rating the
difficulty of quitting as less than three on a scale
of one to seven, and {iv) reporting fecling no
urges o smoke since quiting. According to these
critenia, 16 of the patients who quit smoking after
lesion onsetl were classified as having a disrup-
tion of smoking addiction. The 16 quitters who
failed o meet all four of these eriteria, along with
all 37 nonguitters, were considered 10 have no
dismuption ol smoking addiction (Fig. 2),

We performed a logistic regression in which
the dependent varable was whether or not pa-
tients underwent a disruption of smoking ad-
diction afier lesion onset as delined by the above

26 JANUARY 2007 WVOL 315 SCIENCE www.sciencemag.org




criteria. As before, the independent variable of

imterest was the extent of damage to the insula on
a given side, whereas the estimate of the total
extent of the lesion was entered as a nuisance
covariable. We found that the likelihood of
having a disruption of smoking addiction after
a lesion in either the right or the lefl insula was
signilicantly higher than the likelihood of having
a disruption of smoking addiction alter a non-
insula lesion (odds ratio = 22,03, 37 = 16.64, and
P = 00005}, When we examined the right and
left insulae separtely, we found that the like-
lihood of having a disruption of smoking ad-
diction was significantly higher afier a right
insula lesion than afier a noninsula lesion (odds
ratio = 1087, %° = 12,90, and = 0,0003) and
was also significantly higher after a lefi insula
lesion compared with after a noninsula lesion
(odds ratio = 3.61, ¥* = 10.33, and P = 0.001)
{Fig. 2 and table S3). Although it appears that
eflects may be somewhat larger with right n-
sula lesions compared with left insula lesions,
the sample sizes were oo small to confirm this
statistically.

We then conducted a similar logistic regres-
sion that included only the patients in our sample
who quit smoking after lesion onset (thus, we
were not required 1o assume that patients who
continued to smoke after lesion onset had an
intact smoking addiction). We found that five of
five of the patients who guit smoking afier a
right insula lesion and seven of eight of the
patients who quit smoking after a left insula
lesion met the enteria for having a dismuption of
smoking addiction, compared to 4 of 19 of the
patients who guit smoking atter a noninsula
lesion (right insula-lesioned patients versus
noninsula-lesioned patients: odds o = 655,

¥ = 7.76, and P = 0.005; left insula lesioned
patients versus noninsula-lesioned paticnts: odds
ratw = T7.19, ;{2 = 10,06, and P = 0.002). Putting
the right and lett sides together, 1206 13 paticnts
who quit smoking after a lesion in the insula did
so with a disruption of smoking addicuon, Rel-
ative 1o noninsula-lesioned patients, this trans-
lates into an odds ratio of 136,49 as estimated
by the logistic regression (x° = 15.48 and P =
0.00008) (Fig. 2 and table 83).

In our samiple, the patients with insula lesions
tended also to have damage in adjacent arcas
(Fig. 1}. This raises the question of whether the
observed effects were necessarily due 1o insula
damage or whether they required damage in one
or more arcas adjacent 1o the insula. To address
this issuc, we performed a region-by-region
logistic regression analysis that estimated, for
each region of the brain that we sampled, the
likclithood of having a disuption of smoking
addiction after a lesion that included the region
compared 10 a lesion that did not inelude the
region. This analysis included all of the patients
in the sample. We found that the only regions in
which lesions were significantly associated with

an increased likelihood of having a disruption of

smoking addiction were the right and left insulac
(Fig. 33, On the lefi side, there were near-
significant effects in regions adjacent to the
insula, such as the putamen. We cannot rule out
the possibility that some of these regions inde-
pendently or cumulatively play a role in smok-
ing addiction. For cxample, evidence from
animal studies suggeests that the dorsal stristum,
which imcludes the putamen, s involved in
leaming and expression of drug-use habits ().
However, for most of these regions the paticnts
with lesions who had a disruption of smoking

Fig. 3. Whole-brain region-by-region logistic regression analysis. The color of each region
corresponds to a ¥° statistic given the sign of regression coefficient obtained from the logistic
regression analysis. The only regions that were assigned a color were those for which the number of
patients was sufficient to detect a statistically significant effect (Materials and Methods). Regions
for which there was a statistically significant association between a lesion and a disruption of
smoking addiction (P < 0.05, uncorrected) are highlighted in red. The insula is the only region on
either side of the brain where a lesion was significantly associated with a disruption of smoking
addiction. There were nonsignificant effects in regions on the left side that are adjacent to the
insula; however, patients with damage in these regions also tended to have damage in the insula
(Materials and Methods). The likelihood of having a disruption of smoking addiction was not
increased after damage in the orbitofrontal cortex.

REPORTS

addiction also had damage in the insula (1able
5S4, suggesting that apparent elfects of lesions in
these regions were due to a bystander elflect. We

did find four paticnts who had a disruption of

smoking addiction after suffenng from brain
damage that did not involve the insula, When we

examined therr lesions, we found that cach of

them had damage in a unique sct of regions
{table S5). This miscs the possibility that cenain
paticnts may undergo a disruption of smoking
addiction as a general effect of sulfering from a
brain injury.

The resulis indicate that smokers who ac-
quire insula damage are very likely w quit
smoking easily and immediately and 10 remain
abstinent. In addition, smokers with insula dam-
age are very likely to no longer experience
conscious urges to smoke after quitting, These
findings are consistent with previous functional
imaging evidence showing that activity in the
msula s correlated with subjective dug urges
(7, & 1N Addinonally, the resulis provide
evidence that subjective urnzes are an important
factor in maintaining smoking addiction. How-
ever, urges may not be the only factor that pro-
moles smoking. Recent theories ol addiction
propose that usual drug use in addicted individ-
uals is driven primarily by automatic or implicit
motivitional processes, such as habits (<) and
incentive salience wanting (/9). Conscious
urges come into play when there is an impedi-
mient 1o drug use, such as an attempt to quit o 1o
resist relapse (20). The present resulls are con-
sistent with this view. However, it remains 1o be
seen whether insula damage spares the auto-
miatic wendency o smoke. It also remans to be
seen whether patienis with insula damage sull
obtain pleasure from smoking, because pleasure
and urge may be dissociable facets of smoking
reward (/9.

Our sample included a number of patiens
with damage to the orbitofrontal conex (Fig. ).
aregion that, like the insula, has been implicaned
bv functional imaging studics 1o play a wole in
conscious drug urges (6, 8, 9, J1-13). We found
no association between lesions in the orbito-
frontal cortex and a disruption of smoking ad-

=

diction (Fig. 3 and table 54). One explanation of’

this result is that smokers who acquire orbilo-
frontal damage experience a reduction in con-
seious urges but continue w smoke because their
automatic tendency o smoke is stll imact A
the same time, these patients may have a low
likelihood of atiempting 1o quit smoking alicr
suffering from a brain injury, because the
orbitofrontal region is critical for decisions that
override the automatic wndency 1o oblain im-
mediate rewards in order to avoid fure negative
consequences (24, 22). Insula-lesioned patients,
in contrast, may not have such severe decision-
making deficits and thus may be likely to at-
tempt 1o quit smoking alter suflering from a
brain injury.

The results of this swdy suggest that the
insula is a critical neural substrate for the urge o
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smoke, although they do not in themselves in-
dicate why the insula, a region known to play a
role m the representation of the bodily states
(£a), would play such an important role i urge.
A clue may be provided by the account of one
patient in our sample who guit smoking im-
mediaely after he sutfered a stroke that dam-
aged his left insula. He stated that he quit
because his “body forgot the urze 10 smoke”
{23y His experience suggests that the insula
plays a mole in the fecling that smoking is a
bodily need. Indeed, much of the pleasure and
satiety that is obtained from smoking is derved
from its bodily elTects, in panticular its impact on
the airway (24, 25). In addition, nicoting with-
drawal is associated with changes in autonomic
and endocrine function (26, 27), which may
contribute to its unpleasantness. Current evi-
dence suggests that the insula plays a role in
conscious feelings by anticipating the bodily
eltects of emotional events (14, 15), The msula
may therelore function i the conscious urge 1o
smoke by anticipating pleasure from the airway
effeets of smoking and/or reliel from the aver-
sive autonomic effects of nicotine withdrawal,
Thus, damage to the insula could lead a smoker
to feel that his or her body has “forgotten” the
urge 1o smoke,

An important question pertains o whether
insula lesions cause a disruption of motivated
behaviors other than smoking. In a ollow-up
survey, we found that none of the patients with
imsula damage who had a dismaption of smoking
addiction admitted 1o any reductions in their
pleasure rom eating, their desire 1o eat, or their
imake of food. This does not preclude the pos-
sibility that these patients had some impainment
of taste perception (28, 29} or had deficits in
other motivated behaviors that we did not assess,
One possibility is that motivated behaviors that
are fundamental to survival, such as eating. are
supported by redundant neural mechanisms that
are difficult to dismupt with a lesion in a single
brain region. A relaied possibility is that the in-
sula is critical for behaviors whose bodily effects
become pleasurable through learning: although
the bodily eflects of cating are inherently plea-
surable, the bodily effects of smoking are ini-
tally aversive and become pleasurable as
addicuion develops (25), It would be mieresting
to sce how insula damage affects other learned
pleasures.

Our findings suggest that therpies that mod-
ulate the function of the insula will be useful in
helping smokers quit. For example, sensory
replacements for smoking, such as denicotinized
cigarettes and imitant inhalers, are highly effec-

tive in reducing urges and promoting abstinence
(30, 31). Such therapies may work by engaging
sensory representations of the ammway within the
insula, therchby satisfyving the “bodily nead”™ 10
smoke. Future phamnmacologic thempies may
Largel neurelransmitler TCCCPLOTs that are ex-
pressed within the insula, In addition, the efficacy
ol various smoking cessation therapics may be
monitored by measuring activity within the
insula with functional brain imaging. Lastly, the
lindings of this study demonstrate that conscious
feelings, such as urges, are an important com-
ponent of addiction,
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Combo System

www.sciencemag.org/products

The Omnilog Combo System is capable of both microbial identification and kinetic characlerization of
cellular functions. Laboratories often pursue research projects such as strain characterization, compar-
isons between pathogenic and non-pathogenic strains of bacteria, or product contamination studies in
which access to both technologies in a single analytical system helps. The system’s proprietary method
for microbial identification allows laboratories to easily identify and characterize a wide range of gram-
negative and gram-positive bacteria. With the added capabilities of Phenotype MicroArray technology
for elucidation of kinetic quantitation of phenotypes, researchers are able to measure cell pathway activ-
ities and phenotypes by analyzing cells under thousands of culture conditions. This provides data essen-
tial to understanding variations among bacterial strains, correlating genoty pes o phenoty pes, discover-
ing new targets for antimicrobial compounds, improving and oplimizing bioprocesses, and more. Biolog
microbial identification is based on the use of 95 different carbon compounds contained in a convenient
pre-filled microtiter format to measure metabolic reactions. This diverse set of tests enables the system
to identify microorganisms that kit-based methods do not recognize or often misidentify.

Biolog For information 510-785-2564 www.biolog.com

Sulfhydryl Group Quantification
Ellman's reagent is a versatile, water-soluble
compound used in the guantification of free
sulfhydryl residues. Assays using this reagent
allow researchers to eliminate the reduction
and purification step in sulfhydryl cross-linking
reactions by testing if free sulfydryls are already
present. Suitable for peptide and prolein cou-
pling reactions, Ellman’s reagent is a quick
colorimetric assay.

G-Biosciences/Genotech For information
800-628-7730 www.GBiosciences.com

Custom Microplates

Porvair Sciences offers custom design and man-
ufacture of microplates for life science, chro-
matography, environmental, and medical appli-
cations. Customers can benefit from a range of
proprietary technigues used in the generation of
custom microplates, including polymer ultra-
sonic welding, plasma surface treatment, co-
sintering of polymers/silicas, and “two-shot”
injection molding, Porvair also offers a compre-
hensive range of high-performance 96-well and
384-well glass bottom microplates that combine
the advantages of optical properties of glass, low
background, and low birefringence with the ver-
satility of a microplate. They are available tissue-
culture treated to optimize cell growth or without
surface modification.

Porvair Sciences For information

+44 1932 240255 www.porvair-sciences.com

Multispectral Imaging System

The In-Vivo Multispectral system can identify
molecular abnormalities that are the origin of
disease al a very early stage. In vivo molecular
imaging allows noninvasive measurement of
biological processes within a living organism.
The new system incorporates workflow automa-
tion and advanced multispectral fluorescence,

luminescence, digital x-ray, and radioisotopic
imaging capabilities for in vivo imaging of small
animals for drug development and life science
research. The system’s computer-controlled mul-
tispectral tuning of excitation light allows the
identification and separation of multiple fluo-
rochromes and the removal of autofluorescence
background. The In-Vivo Multispectral system
automatically generates and analyzes mullispec-
tral fluorochrome images with spatially co-regis-
tered x-ray and white light images for improved
localization of biological markers in vivo. By
combining multispectral fluorescence with digi-
tal x-ray, the system allows researchers to pre-
cisely locate, identify, and monitor changes in
molecular activity of specific cells or organs
within small animals, long before morphological
changes can be detected.

Eastman Kodak For information 877-747-4357
www.kodak.com/gofmolecular

HLA Antibody Analysis System

The DynaChip HLA Antibody Analysis system
makes use of an automated microarray platform
to detect antibody reaction to specific human
leukocyte antigens. Up to 96 tests can be per-
formed at the same time in a fully automated
manner, with each test including an array of pro-
teins. The system includes soltware for rapid
analysis of results.

Invitrogen For information B0D-955-6288
wwww.invitrogen.com

Evaporator

The Activotec Evaporator is a simple-to-use, low-
cost parallel evaporator and lyophilizer. Designed
to be small and light enough to be used safely in
conjunction with any rotary evaporator or vacuum
pump fitted with a cold trap, the evaporator offers
a productive means of simultaneously evaporat-
ing or lyophilizing solvent from multiple glass

vials. The evaporator transforms an ordinary
rotary evaporator or vacuum pump with a cold
trap into a productive tool that can evaporate up
to 33 samples simultaneously, accommodating
a wide range of vial sizes (3 ml, 7.4 ml, 20 ml,
22 ml, and 40 ml). Using standard vials for evap-
oration enables direct transfer of samples from a
synthesizer to the evaporator, eliminating the
need for liguid transfer with its potential for con-
tamination. Each evaporalor vial incorporates a
novel filter through which all solvent has to evap-
orate, thereby minimizing the possibility of sam-
ple loss or cross-contamination, The evaporalor is
manufactured from a Teflon composite material
chosen for its robustness, chemical resistivity, and
high thermal conductivity.

Activotec For information +44-1223-260008
weow.activolec.com

For more information visit Product-lnfo,
Science's new online product index
at http./science.labvelocity.com

From the pages of Product-Info, you can:

* Quickly find and request free
information on products and services
found in the pages of Science.

= Ask vendors to contact you with more
information.

= Link directly to vendors' Web sites.

Newly offered instrumentation, apparatus, and laboratory
materials of interest to ressarchersin all disciplines in academic,
industrial, and government organizations are featured in this
space. Emphasis is given fo purpose, chief characteristics, and
availabibity of products and materials. Endorsement by Science
of ARAS of any products or materials mentioned is not implied.
Additional irfarmation may be abtained from the manufacturer
or supplier by visiting www.science. labvelocity.com on the Web,
where you can request that the information be sent to you by
e-mail, fax, mail, or telephone.
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POSITIONS OPEN

FACULTY POSITION IN PROTEOMICS/
MASS SPECTOMETRY. The Department of
Pathalogy at the University of Califorma, San Dicgo
(UCSD), website: htp:/ /medicine.uesd.edu/

Pathology, sccks a Ph.D. in chemistry or biochem-
istry with significant expericnce in the use of mass
spectometry to analvee complex protein solutions.
Appointment is available ar the ASSISTANT or
ASSOCIATE PROFESSOR level The successtul
candidate will be cxpected to develop and direct a
state-of-the-art mass spectromerny/protcomics facil-
ity and to have a strong understanding of innovarive
technology development in this arca. Working in
collaboranon with biologists and biochemists in the
Deparmment of Pathology, the new appointee will
build a rescarch program in biomarker discovery. This
team effort will focus on cancer, neurode generation,
infectiouns discases, and cardiovascular sciences, Ax
least three years of postdoctoral experience, strong,
arca-specific publications, an understanding of the usc
of bioinformatics in the analvsis of proteomics data,
outstanding communication skills, and an abality 1o
collaborate are required. Please forward  applicarion
lerrers addressed o Search Committee Co-Chairs,
Dirs. David Cheresh and Steve Gonias, together with
curriculum vitae and names/addresses of ar least
three references, ¢/fo Ms. Catherine Schumacher,
Search Coorndinater, Department of Pathology
0717, University of California San Diego School
of Medicine, 9500 Gilman Drive, La Jolla, CA
92093-0717. Apphaations by c-mail are acceptable
to e-mailicdschumacher@ucsd.edu. Beview of
applications will begin March 2, 2007, and wall
continue until filled. WCS0 0 an Affimeatie Adion /
I:I.Iu.r.r lJirpqlrJru.llJ:,' !:'.lurn’.l]'rr wrnrly o i frongy trier et ol capr=
miitnrens b cxceflomee drongh diversiry,

ASSISTANT PROFESSOR OF BIOLOGY.
One-vear sabbartical replacement position  begin-
ning Seprember 2007, PMh.D). required. Salary com-
petitive. Responsibilities include team-teaching the
introductory course evolution and  genctics and
upper-level courses in his,/her arca of specialization.
Preferred areas indude microbiology, immunalogy,
and developmental biology. Kalamazoo College is a
highly selective, nationally known liberal ares college
that takes pride in its tradition of outstanding under-
graduate scicnce education, Candidates are expected
to have high aptitude and interest in undergraduate
teaching, and a commitment to the liberal arts, For
more informarion please see website; hop: /S waww,
kzoo.edu. Completed applicadions received by
Mareh 15, 2007, will receive full consideration; laver
applications revicwed as necded unnil the position s
filled. Send lerter of application, curriculum vitae,
undergraduate and graduate transcripts (unothcial
acceprable), statement of teaching philosophy and
rescarch interests, and three letters of recommenda-
tion o D, James Langeland, Chair, Department
of Biology, Kalamazoo College, 1200 Academy
Street, Kalamazoo, MI 49006-3295, Kalamazoo
College encourages candidares who will contribute
to the cultural diversity of the College to apply and
to identity themselves if they wish, Egual Cypprortunity
fﬂu_lll.rnl'l.'n.

FACULTY POSITION
Department of Biochemistry
Tulane University School of Medicine

The successtul candidate will be expecred to con-
duct a nationally competitive rescarch program in
the biechemical scienees and to play a leading role in
maximizing the impact of the Department’s educa-
tonal activitics on the medical school’s docroral
(M., and Ph.1D.) training programs. Rank, salary,
startup, and tenure considerations will depend on
the candidate s expericnce and potential for substan-
tive contnbutions to our academic ervironmaent. Send
curmiculum vitae and a statement describing rescarch
interests and carcer goals to the: Biochemistry Search
Committee, TUHSC 5143, 1430 Tulane Ave-
nue, New Orleans, LA 70112-2699 or v c-mail:
biochem@tulane.edu.

Tuliwee Uriversity as am Affirwtive Adtton /Epeal Oppor-

Pty .r_'urp\’up_'r g ETCRTages ..|r|_r|.r|.'.Jr|..lr|_r _.ﬁ-um W e,
wopren, and odfver qualified persons,

POSITIONS OPE

STATE UNIVERSITY

DIRECTOR, CENTER for
SCIENCE and MATHEMATICS EDUCATION

We invite applications for the position of Director
of San Francisco State University’s new Center for
Saence and Mathematies Education. The Center has
been created to recmuit, prepare, and support good
saaence and mathematics teachers; foster educational
rescarch; and develop a K o 18-plus community of
educators. The Director will lead and manage the
Center, plan and coordinate its acivities in collabo-
ration with the faculty, and supplement its budget
through extermal grants. Candidares should have a
Ph.1x in math, science, or math or science educa-
tion, and ar least five years of increasingly responsible
expericnce administening educational programs,

The Dircctor position is a full-time, nonfaculty,
Administrator Il management position in the
College of Science and Engineering, (For more
informarion, sce websive: hoops/ Seurie.sfiu.edu,/
csme,/ people/ DirectorAd.pdf. ) Applications will
be considered beginning March 5, 2007; the
position will remain open untl filled.

San Francisco State University (SFSL), website:
hutp:/ fwww.asfsunedu, a campus of the Califomnia
Srate University svstem, serves a diverse student
body of 30,000 undergraduate and graduate stu-
L{cl‘r‘ .“-j:.x-‘- LES 1) f.“:i'll.]ll r:'I'II.'I'"HFJ]'-'..iflfllrrldl? 4|'|'r.rr
Dhsshilinies Ao Emiployer and s o strong commritaenl I
il _.ll.rrrlu;n’rn |._|r diver iy

The Biology Department at Clarkson University
invites applications for DIRECTOR OF FIRST
YEAR BIOLOGY at the level of ASSISTANT
PROFESSOR. This nontenure track, full-time,
rencwable position is appropriate for doctoral-level
professionals i the life sciences committed to cx-
cellence in teaching introductory college biology in
both lecture and laboratory format, Experience and
demonstrated success in teaching a broad arry of
topics in contemporary biology o both  biology
majors and nonscience majors are required. The
position indudes responsibility tor designing and
mmplementing  laboratory exercises, raining and
supervising teaching assistamts, and conducting an
annual departmental teaching  assessment. Candi-
dates with rescarch expenence who are interested in
collaborating on externally funded pedagogical or
laboratorv-based projects are especially encouraged
to apply. Clarkson s a small private University with a
mission focused on technelogy serving humanity.
Porsdam is an educational and culural center of
northern New York located i proximity o the
Adirondack Park and within two hoars of Otawa,
Montreal, and Lake Placid, Applicants should submit a
cower letter with curriculum vitae, a statement of
teaching philosophy, and contact information for
three or more references in one PDE file to e-mail:
biologysearch@clarkson.edu or by mail to: Biology
Search Committee, 0. Box 5305, Clarkson
University, Potsdam, NY 13699, Applications
received before February 28, 2007, will reccive full
consideration. Position number 77-06. Clarkson Ui
versity is an Lgual Opportimniy/Affirmmabive Action Employer.

DIRECTOR OF THE ENERGY MOLICY
INSTITUTE AND ASSOCIATE DIRECTOR OF
CENTER OF ADVANCED ENERGY STUDIES

Boise State University

The Department of Public Policy and Adminis-
tration at Boise State University is secking qualified
individuals to apply as a SENIOR LEVEL PROFES-
SORK to scrve as the Director of the Energy Policy
Institute. For information abour the position and
how to apply, please sce position number AAG-0006-
67 on our website: htrp:/ /hrs.boisestate.edu/
joblistings faculty/. Boise State University is an Bl
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e NATIONAL INSTITUTES OF HEALTH

Tenure-Track and Tenured Investigator Positions g&
ﬁ a in Systems Immunology and Infectious Disease Modeling o

The National Institute of Allergy and Infectious Diseases (NIAID), Division of Intramural Research (DIR ) is seeking several outstanding
individuals for its new Program in Systems Immunology and Infectious Disease Modeling ( PSIIM).

Modern technology allows the analysis of immune responses and host-pathogen interactions at multiple levels—{rom intracellular sig-
naling networks, o individual cell behavior, to the functioning of a tissue. organ, or even whole organism. The challenge is not only to
collect large amounts of data, but also to organize it in a manner that enhances our understanding of how the immune sysiem operates or
how pathogens alfect their hosts. To do this, we need to develop detailed quantitative models that can be used to predict the behavior of
a complex biological system. These models can help to explain the mechanisms underlying physiological and pathological responses to
infection of vaccination, which can then be exploited o design better therapies or vaccines.

Achieving this goal requires an interdisciplinary eflort and to this end the PSHM will be organized as an integrated team of scientists
and support stall with expertise in computational biology, bioinformatics, proteomics, cell biology, immunology, and infectious diseases,
rather than as a group of independent labortorics. These teams will have access to the latest technology for gene-expression profiling,
high-content screening of RN A libranies for the discovery of pathway components, imaging tools, cores for the genetic manipulation of
animals and for proteomic analysis, and a substantial computer infrastructure. BSL-3 facilities for working with high priority pathogens
will also be available,

Although the PSIIM has been established within NIAID and has an immune system/infectious disease focus, we expect it to foster the
growth of systems biology efforts at other NIH Institutes, primarily through the development of new software tools for complex systems
modeling and methods for high-throughpu screening. Thus, PSHM team members are expected to imeract extensively with other NIH
scientists and with extramural groups in the U.S. and abroad who share our interest in a systems approach to biology.

The PSILIM is now recruiting for tenure-track or tenure level team leader appointments in three key areas:

Computational Biology: The incumbent will lead a group focused on the development and improvement of software wols for multiscale
modeling and simulation that can be used by the PSIIM as well as by biologists interested in subjects other than immunity or infectious
diseases. The ideal candidate will have a strong background in mathematics, physics, and computer programming, and a clear desire and
ability 1o interact with and support the efforts of biologists, A demonstrated ability 1o generate computer software tools for biological
maodeling will be a strong plus.

Molecular/Cell Biology: The incumbent will lead a group involved in the design, implementation, and interpretation of screening efforts
to identily and determine the interactions among the components in signaling networks that could then be modeled using the sofiware
generated by the computational biology team or obtained from other sources. Discovery tools suchas gene amays, high-content image-based
screens using RNAL methods, various protein-protein hybrid screening methodologies, and optical imaging are expected 1o be key elements
in the efforts of this group, A strong background in basic cell biology and molecular biology with experience in analysis of protein-protein
interactions, signaling, and/'or gene regulation is required. Expertise in large-scale sereening is highly desirable.

Infectious Diseases: The incumbent will be responsible for developing novel approaches 1o systems-wide analysis of the interaction of
infectious agenis and their hosis, These may include the use of gene-expression signatures, the production of gene-modified animals, the
development of methods for in vivo testing of the predictions of models, and the use of sophisticated imaging and other tools for probing
the interaction of pathogens and host cells in vitro, A strong background in virml and/or bactenial infectious diseases and cell and molecular
biology are necessary; training in the immunology of infectious discases and substantial bioinformancs experience are highly desirable,
These positions and the research activities they conduet are fully funded by the intramural research program of NIH. Each team leader
is expected to build a working group consisting of postdoctoral fellows, staff seientists, technicians. and students. The team leaders will
work with the program director 1o help set the goals for the PSIIM and to determine how best 1o reach these goals as an integrated group.
To ensure appropriate career trajectories for those joining the PSLIM team, the NIH has modified its tenure decision policies 1o encourage
and account for contributions made in such a team science setting. Applicants should be secking a difficult challenge in which creativity,
technical expertise, and a strong desire to achieve m a team envirenment are critical for success,

Interested candidates may contact Dr. Ronald Germain, Program Director, PSLHIM, DIR, NLALD at 301-496-1904 or rgermain(a niaid.
nih.gov for additional information about these positions.

To apply, submit your curriculum vita, bibliography, and detailed stement of how you can contribute 1o the success ol the PSIM program
to Felicia Braunstein at braunsteinfig niaid.nih.gov. In addition, three leters of reference must be sent directly from the referce w
Dr. Robert Hohman, Chair, NIAID Search Committee, e/o Ms. Felicia Braunstein, DIR Committee Management Team Lead, 10
Center Drive, MSC 1356, Building 10, Room 4A31, Bethesda, Maryland 20892-1356. Completed applications MUST be received by
February 16, 2007 for computational biclogy, and Mareh 16, 2007 for Molecular/Cell Biology as well as for infectious diseases. Please
refer o ad #012 for com putational biology, #013 for molecular/cell biology, and #014 for infectious diseases on all corespondence.
Further mformation on these positions and guidance on submitting your application are available at http://healthresearch.niaid.nih.gov.
For more information about the NIAID sysiems biology program, please visit hitp/www.nih.gov/catalyst/2006/06.09.01/pagel.html

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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TENURE TRACK POSITION
LABORATORY OF CELLULAR AND MOLECULAR BIOLOGY

The Laboratory of Cellular and Molecular Biology ( LCMB), Center for Cancer
Research, of the National Cancer Institute, National Institutes of Health {hitp:/
cer.cancer.gov/labslab aspabid=64) has a long tradition of excellence in the
imvestigation of signal transduction pathways involved in both normal cellular
function and malignant trans formation. The Laboratory now invites applications
fora tenure track investigator to develop an independent basic research program
in cellular and molecular biology with emphasis on understanding basic signal
transduction processes, Areas of potential interest include but are not restricied
to the role of signaling pathways in stem cell biology, inflammation and cancer,
or malignant transformation, The applicant should hold a PLD, M.D,, or
M.D., Ph.D. degrees. Salary is commensurate with education and experience.,
This position is supported by the intramural Center for Cancer Research of
the National Cancer Institute, A two-page statement of rescarch interests and
goals should be submitted in addition to three letters of recommendation and
a curriculum vitae by March 9, 2007 1o Mrs. Erin M. Breedlove, Executive
Secretary, Laboratory of Cellular and Molecular Biology, CCR, NCI, Building
37, Room 2066, Bethesda, MD 20892-4256; phone: 301-496-9683, Fax: 301-
496-8479, email: breedloveef@mail.nith.gov. Candidates must be US. citizens
or permanent residents. NIH Tenure track investigators with educational debis
may be eligible for the NIH Loan Repayment Program. The NCI is an Equal
Opportunity Employer.

Functions of Sir2

Nl e of and Nuclear Receptors
Matonsl Ingitates of Hashth Research Triangle Park. North Carolina

Postdoctoral positions are available mmediatelyin the L&hm‘atnﬁ

of Signal Transduction atthe National Institute of Environmental Health
Sciences [NIEHS), a major research institute of the NIH located in
Research Triangle Park, North Carolina. NIEHS offers an outstanding
research emvironment and has been constantly rated by The Scientist
as one of the best places for post-docs to work.

Our research is focused on the roles of NAD+-dependent protein
deacetylase Sir2 and corresponding post-translational modification

of nuclear receptors in aging and age-associated diseases. We have
shown that SIRT1, the mammalian orthology of Sir2, physically interacts
and deacetylates Liver X Receptors IL!HsEvmus regulates their transcrip-
tional activity and cholesterol homeostasis. Cument research areas include
nuclear receptor signaling pathways regulated by SIRT1 and their roles

in metabolsm, aging, and metabolic diseases such as atherosclerosis

and obesity.

We seek highly self-motivated indviduals who have a strong background
i signaling and transcriptional/translational regulation, and are interested
in aging research. Experience with mouse

els is a plus. To apply, please send a F @
cover letter, CV and list of three references \% Ly
to Dr. Xiaoling Li at email: P Sep bl et
x3@niehs.nh.gov. s Wiy Byl i

Tenure/Tenure-Track Position
i a Laboratory of Persistent Viral Diseases
Rocky Mountain Laboratories, Hamilton, Montana

The Laboratory of Persistent Viral Diseases (LPVDY), Rocky Mountain Laboratories, NIAID,
MNIH, DHHS, in Hamilton, Montana, sccks applicants for a tenured or tenure-rack position
(full to assistant professor equivalent) to conduct independent rescarch on host immune or
inflammatory responses in neuropathogenic viral discases. Candidates with a background in
adaptive or innate immunity, including nevroinflammation and gliosis are prefermed; those
interested in neurobiology, biochemistry or pathogenesis of CNS infections are also encouraged
to apply. Candidstes must hold a Ph.D., DVM, or M.D. degree and have a minimum of 3
vears of relevant postdoctoral expenience. Candidates must be able to develop an inde pendent
research program, supervise staff and fellows, and collaborate with other LPV D researchers

working on CNS viral or prion diseases.

Rocky Mountain Laboratories” state-of-the-an facilities include an operational BSL-3 facility,
a BSL-4 lab and animal facility nearing completion, and in-house core facilities for genomics,
electron microscopy, and fliow cyviometry, Research programs focus on prions, murine retrovi-
ruses, HIV, flaviviruses, and numerows pathogenic prokanyotic organisms. The lab is located in
the scenic Bitterroot Yalley of western Montana with easy access to some of the finest outdeor
recreational opportunitics in North America. Addstional information on the position may be
obtained by contzcting Dr. Bruce Cheschro at behesebroimniaid.nib.gov.

Application Process: Salary depends on degree and qualifications. To apply, submit a cur-
nculum vitae and bibliography. including a list of your five most significant papers, and a
2-3-page description of a proposed rescarch program, via e-mail o Ms. Felicia Braunstein
at braunsteinf@ niaid.nih.gov. In addition, three letters of recommendation must be sent
directly from the referees o Ms. Felicia Braunstein, Committee Manager, NIAIDVXIH:
10 Center Drive, Bldg, 10, Rm4A31, MSC-1356; Bethesda, MD 20892-1356. Applica-
tions must reference AD #010 and must be received by March 9, 2007, Applicants will be
notified when their applications are received and then completed, All information provided
by applicants will remain confidential.

The NIH Director's Wednesday Afternoon
Lecture Series

Biomedical scientists around the world are invited to join us online
to hear leading investigators present their Tatest results to the NIH In-
tramural Rescarch community, Lectures may be viewed live at 3.00
p.m., EST (20000 GMT) on Wednesdays, rom September through
June. Live webcasts can be viewed under “Today’s Events™ at
<hup:/videocastnih.gov/=

The current schedule of lectures is available at: <htip:/www .odnih.
gov/wals/schedule htm=

Upcoming Lectures:

=January 10 Thomas J. Silhavy, Princeton University: Ouier mem-
brane Biogenesis in Gram-Negative Bactleria

slanuary 17: Joshua LaBaer, Harvard Medical School: Functional
Proteomics lor Biomarker and Targel Discovery

slanuary 24: Robert G. Griffin, MIT, Cambridge, MA: Solid State
NMR of Membrane and Amyloid Proteins

«January 31: Clara Franzini-Armstrong, University of Pennsylvania:
Protein Interactions in Calcium Release Units of Skeletal and
Cardiac Muscles

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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= Department of Health and Human Services
63 Clinical Center

Chief, Clinical Imaging Sciences Department

The National Institutes of Health (NTH) invites candidates with outstanding clinical leadership and scientific credentials to apply for the position of Chiel, Clini-
cal Imaging Sciences Depariment, Clinical Center, Bethesda, MD, The Clinical Imaging Sciences Department is a mulidisciplinary program with radiologisis,
scientists, and support stafl who provide climical services and imaging research in the NIH Clinical Center, the world’s largest hospital totally dedicated 1o
translational clinical research.

The NIH Clinical Center Clinical Imaging Sciences Department is a unique medical environment with a diverse stafl of 130 individuals. The depariment has
undergone an extensive multi-million dollar renovation which includes state-of-the-art multidetector CTs, 13T and 3T MRI units, an interventional suite with
a dedicated CT, ulirasound, sterectactic breast biopsy, digital Auoroscopy and radiography. A recently updated PACS system provides electronic archiving
throughout the Clinical Center. The Nuclear Medicine component includes PET-CT and SPECT-CT as well as conventional gamma cameras. There are exlensive
opporunitics for mdependent and collaborative clinigal and imaging research with the diverse Insiitutes within the NIH. The depaniment bas an extensive rescarch
infrastructure which includes a full y-equipped molecular biology laboratory, cold and hot chemistry facilities, a research MRI [acility, and aocess 1o a Molecular
Imaging Laboratory which houses microC T, ulirasound, and opiical imaging.

The ideal candidate will be a board certified radiologist with extensive academie clinical and managerial expenence in providing radiological services. The indi-
vidual should have made significant contributions to the scientific peer-reviewed imaging literature and have a clear vision lor combining excellent clinical imaging
services with a unigue clinical and'or basic rescarch program. The appointment mechanism { Tenure, Tenure-Track, Senior Clinician) will be commensurate with
experience. The salary and benefits package will be competilive.

Candidates should submit their CV, leter of interest, and the names ol six relerences 1o Ms, Colleen McGowan, Office of the Director, CC, NIH, Bldg 10,
CRC, Room 6-2551, 10 Center Dr,, MSC 1504, Bethesda MD 20892 or via email al emegowan@ cenib.goy, Materials should be submitted by February
28, 2007,

- ’ Health Scientist Administrator
National Institute of Dental and Craniofacial Research (NIDCR)

The National Institute of Dental and Craniofacial Rescarch (NIDCR), National Institutes of Health (NIH), Department of Health & Human Services
(DHHS]) is seeking applicants for a supervisory Health Scientist Administrator position in the Center for Integrative Biology and Infectious Diseases
(CIBID). The position advertised is for the Chicf of the Translational Genomics Rescarch Branch,  The Branch coordinates the development and
implementation of the NIDCR extramural basic and ranslational genomics research program related to NIDCR-relevant human and microbial genctics
and genomics. To this end, arcas of basic and applied research in the NIDCR mission include: infectious diseases such as dental caries and periodontal
discases, microbiology, molecular and cellular neuroscience, developmental biology, mineralized tissue and salivary gland physiology, immunology and
immunotherapy, epithelial cell regulation and transformation, as well as biomaterials, biomimetics and tissue engineering, and behavior, health promotion
and environment. In addition, there are cross-cutting programs involving clinical trials and comprehensive centers of discovery.

The incumbent will direct and oversee the administration of a portfolio of research projects employing translational genetics and genomics rescarch
strategics targeted to NIDCR-relevant diseases and will stimulate interest in and provide advice w the extramural community regarding the respective
rescarch portfolio. In addition, the incumbent will participate in funding decisions, policy development, as well as implementation and coordination with
other programs both within and outside of the NIDCR.

The salary range for this position is $107,521 1o §139,774 per annum, commensurate with qualifications and professional experience. A full benefits
package is available, which includes retirement, Thrift Savings Plan participation, health, life and long-term care insurance.

Applications will be accepted through February 15, 2007. For qualifications required, evaluation eriteria, and application instructions, view the vacancy
announcements at:_http://jobscarch.usajobs.opm.gov/a%nih.asp . Refer toannouncement # NIDCR-07-162498-DE or NIDCR-07-162738-MP. Please
contact Elan Ey at 301-594-2320 or evef@mail.nih.gov if you have questions,
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THE UNIVERSITY OF HONG KONG

Founded in 1911, The University of Hong Kong is comamitted (o the highest ntermational
stanibards of excellence in teaching and reseanch, and has been al the inlemabional foeefront
of academic scholarship for many years. OF a number of recent indicators of the
University's performance, one is ids ranking ot 33 among the toge 200 universities in the
world by the UK s Times Higher Education Supplement. The University has a
comprehbhensive range of study programmes and research disciplines, with 200, (KK}
undergraduate and postgraduate stsdents from 30 countries, anid a complement of 1,200
academie members of stall. many of whom are il omationally renowned.

Tenure-Track position in Planetary/Earth Science in the Faculty of Science
(Ref.: RF-2006/2007-278)

Applications are invited for appointment as Associate Professon Assptant Professor in

Planetary) Earth Science in the Faculty of Science, from July 1, 2007 or as soon as possible

thereafier. The post will inatially be made on a three-year term. Appointment with tenure

will be considersd during the seoomd three-yoar ooniracl.

The Faculty secks a person with a rescarch background in one or mone of the foll owing
ares; carly history and evolutson of the Eanh and other planets; inlerplay between the
penlogical, otmospheric, und bdopica) evolution; inflesnce of extralermesrial events on
terrestrial evolation. Applicants should have a demonsirated record 1o mresearch and a
commitmend o excellence in undergraduabe aml graduate teachang. Research start-up
funds will be available. The appoiniee isexpected 1o fosier collaborative research between
the disciplines of eanh sciences, biodopical sciences, and astronomy and may be offered
& joind appomiment e more than one depariment os deemed appropriaie

Annual salaries will be inthe following ranpges (subject 1o review from time 1o Ame o
the emtire discretion of the University i

HES593, 100 - 417,220
HES4% 1,980 - 608,520

The fixed-tenm appintment will sttroct & contrucg-end grutuity and University contribution
1o a retiremnent benelis scheme., italbing up w 15% of basic salary, as well as leave, and
mcdicalidental benefils. AL curent rates, salanes lax does nol exceed 16% of gross inconme.
Huouasing benefits will ke provided as applicable.

Associnle Professor

hmixtani Profemos (approximately US5] = HKS7.8)

For enguiries of the existing research activities and the specific job requinements, please
write 1o Professor 5. Kwok, Dean, Faculty of Science (e-mail: sunkwok@® hkw hk).
Further particulars and application forms (272302 amended ) can be obained
hepesfwwewe iku hikfapptanit’s or from the Appointments Unit (Sendor), Human Resowrce
Section, Regisiry, The University of Hong Kong, Hong Kong (Fax: (832) 2840 6738 or
2559 205E; e-mail: senrappii@hkuc hku i, Closes Februacy 24, 2007,

T Umiversity i3 e eqearl opportuaity emplover amd
s commigred o a No-Smoking Policy

— DIRECTOR
—4 International Institute for

! ;TS A Applied Systems Analysis
Fhe International Institute for Applied Systems Analysis (1TASA)
located near Vienna, Austria, 15 secking a highly qualified scientific
leader for the position of Director beginning | July 2008, The sue-
cessful candidate will oversee and guide a diverse research program
combining natural and social science to produce scientifically based
policy guidance on issues related to global change. Candidates should
combine a viston for [TASA with scientific excellence, management
and diplomatic skills, fundraising accomplishmenis, and broad
experience in interdisciplinary, policy-relevant research. The Dirce-
tor should be an effective and active advocate to expand panticipation
in and membership of HASA. The Director supervises approximately
200 scientists and suppon stafl from 30 countries,

1LASA 15 independent, governed by an international consortium of 18
National Member Orgamizations. Applicants should have excellent
writien and spoken English, the working language of the Institute,
he Institute’s management and staff alike are committed 1o a work-
ing environment that promotes equality, diversity, and tolerance, The
Institute encourages applications from all quahfied canddates,

The post 15 a 3-yvear position with the possibility of renewal. Salary
and benefits are competitive with comparable international organi-
zations. Review of applications will begin on 1 April 2007, Submit
lemter of application, CV, bibliography. and contact information for
three references, to: Professor Pentti Vartia, Chairman of the
Search Committee, ¢/o Tiina Forsman, The Academy of Finland,
Vilhonvuorenkatu 6, P.O. Box 99, FIN-00501 Helsinki, Finland.

For more information about [IASA and this position. visit our web
sie al: httpy/www.iiasa.ac.at,

FACULTY - TENURE TRACK
BIOLOGICAL SCIENCES

The Department of Molecular Pharmacology at the Albert Einstein College of
Medicine i3 searching for tenure track faculty. Candidates may apply for
positions at any academic level,

Key criteria include: a record of excellence in research; an innovatinee research
plan that will address fundamentally important biological problems; and a
commitment to training and teaching fellows, graduate and medical students.

Specific areas of interest are: mechanisms of action of drugs, hormones,
oncogenes, growth factors, and neurotransmitters; receptor functions,
phyvsiology and regulation: glycobiology relevant to receptors and specificity of
protein interactions; regulatory enzymes; structure/function of plasma
membrang transporters; signal transduction, second messengers and protein
phosphorylation; regulation of cell functions by proteclysis; intracellular
targeting and trafficking of vesicles and regulatory proteins; and drug resistance.
Areas targeted for development of Molecular Pharmacology include proteomics,
micro RNAs, chemical biology: and regulation of multi-protein complexes.

Molecular Pharmacology is broadly interpreted and investigators emploving a
variety of model systems will be considered. NIH—{unded centers for Cancer,
Diabetes, Obesity and Liver diseases provide outstanding colleagues/
collzhorators and core facilities for members of the Department. Members of
the Molecular Pharmacology Department will participate in creation of the
Price Center for Genetics and Translational Medicine, which will open in early
2008. State-of-the-art centers for Biophotonics-Imaging, Structural Biology
and Chemical Biology will be expanded in the new facility. Substantial
resources are committed to start and sustain laboratones of recruited faculty.

Mbert Einstein College of Medicine is located in a residential area of the
northeast Bronx, with close proximity to Westchester County and Manhattan.
A curriculum vitae, statement of research interests, future plans and names of
three references should be sent via email to molpharm@aecom.yu.edu or by
mail to Ms. Anna Cioffi, Administrator, Department of Molecular
Pharmacology, Albert Einstein College of Medicine, Jack and Pearl Resnick
Campus, 1300 Morriz Park Avenue, Broax, NY 10461, EOE

/% ALBERT EINSTEIN
@ || COLLEGE OF MEDICINE

it Advancing sedence, huildfng careers

o]

MICHIGAN STATE
UNIVERSITY

Chemical Carcinogenesis or Developmental Toxicology
Tenure-Track Faculty Position at Michigan State University

The Center lor Imegrative Toxkeology (CIT) at Michigan State University
invites applications for a tenure-track academic vear facubly position at the
.-I'rc.‘\.l‘\.'i;ll'l': (A} .-".-"\'lh,::l‘.g' I:'l'l.'lfl.,"“-ill |.;'-.-|;| ||1;' i{ |[ has OWET 40 ,|!J||.|:1I|:|.! |,||,11|I,:1
members and administers a Superfund Program Project grant and a Trmining
grant, both awarded by the MIH, NIEHS, We are seeking candidates with
expertise in either chemical carcinogenesis or developmental toxicology 1o
strengihen our growing imeres in these areas. Candidates shoubd have a
Ph.D. degree in Toxicology or a related discipline, postdoctoral research
experience and demonsimted success in obtaining extramural funding

This position involves a joint appointment in the CIT and in a hiomedical
science depanment (eg., Biochemistry & Molecular Biology, Food Science
and Human Nutriion, Phamacology & Toxicology, Physiology ) consistent
with hisher expertise and interesis. In addition 1w contributing 1o the CIT, the
candidate will have the oppomunity 10 panicipate in one or more other
interdisciplinary research and training programs induding the MNational Food
Safety and Toxicology Center, the Center for Biological Modeling, Breast
Cancer and the Emvironment Research Centers and the Genctics and
Neuwroscience Programs. Hefshe will be expected 1o establish and maimain an
independent and extramurally-funded research program and 10 contribute 1o
the teaching and service missions of the deparimem and the CIT

Interested individuals should send their curriculum vitae, statement of
research interests and [uture research plans, and 3 leters of recommendation
10: Chair, Facuhy Search Commiuee, Center [or Integrative Toxcology, 1650
Food Saley and Toxicobogy Building, Michigan Swte University, Eoast
Lansing, Ml <48824. Electronic submissions may be sent 1o
swagan@msu.edu, Review of applications will begin March 2007 and will
continue until the position is lilled

MEL IS AN AFAIRMATIVE ACTION, EQUAL OPPORTUMNITY INSTITLITION




DEPARTMENT OF COMMUNICATIONS, MARINE AND NATURAL RESOURCES

ROINN CUMARSAIDE, MARA AGUS ACMHAINNI NADURTHA

Charles Parsons Energy Research Awards
20 Researcher Posts (7 year Contracts)
34 PhD Studentships

This is an innovative scheme recently established by the Minister for Communications, Marine & Natural Resources of Ireland with
the objective of developing Irish energy research capacity. The initiative also seeks to attract mobile early stage researchers from
abroad to Ireland and encourage Irish researchers to visit and work in international centres of energy research,.

7 Research Groups/Centres were successful in their bid for the Awards following evaluation by international experts. The research
groups/centres are located in Higher Education Institutions on the Island of Ireland (32 counties) and have the capacity to conduct
innovative research and provide research training. The following are the research groups/centres supported under the scheme and
their parent universities -

Bioresources Research Centre (BRC), University College Dublin

Contact: Prof. Shane Ward. Email; shane.ward@8ucd.ie
Tel: + 353 1 7167351, http:ihwww.ucd. iebioresources/

Research Group requires — 3 Researchers; 4 PhD Students

Queeris University Electrical Power & Energy 5ystems Research Cluster, Queen’s University Belfast

Belfast Contact: Dr. Damian Flynn. Email: d flynn@ee.qub.ac.uk
Tel: + 44 28 9097 4268. http:/fwww.ee.qub.ac. ukipower/

Research Group requires — 2 Researchers; 5 PhD Students

Hydraulics & Maritime Research Centre, University College Cork

Contact: Dr. Tony Lewis. Email: t.lewis@ucc.ie
Tel: + 353 21 4250021, httpJ/fhmre. ucc.ie

Research Group requires — 4 Researchers; 3 PhD Students

Centre for Sustainable Technologies, University of Ulster

Contact: Dr. Neil J Hewitt. Email: nj.hewitt@ulster.ac.uk
Tel: + 44 28 9036 B566

Research Group requires — 4 Researchers; 4 PhD Students

Electricity Research Centre (ERC), University College Dublin

Contact: Ms. Rose Mary Logue. Email: erc@ucd.ie
Tel; + 353 1 7161858, http:Vee.ucd.ieferd

Research Group requires - 2 Researchers; 7 PhD 5tudents

Microbial Bioenergy Group, National University of Ireland, Galway

J Contact: Dr. Vincent O° Flaherty.
Email: vincent.oflaherty@nuigalway.ie

MNational I..Imwmﬁ.;?[?clmd, Galway Tel: + 353 91 493734, httpwww.nuigalway.iefbiogen
Hlsceil ma FE'lruml. Gaillimb :

A

Research Group requires — 2 Researchers; 4 PhD Students

@ Charles Parson Research Initiative & Graduate School, University of Limerick
Contact: Dr. Martin J. Leahy. Email; martin.leahy@ul.ie

U”“',:}'“'TT Tel: + 353 61 213056. http:/www.cpi.ul.ie

LIMERICK Research Group requires — 3 Researchers; 7 PhD Students

The research groupsicentres above will be advertising shortly for the following positions:

Researchers - Up to seven years funding on salary scale €55,000 to €80,486 p.a. and a significant pension contribution.
Researchers should have obtained a PRD and have 3 years postdoctoral research experience. Researchers may come from relevant
disciplines according to the requirements of the individual research groupsicentres.

PhD Studentship - 5tipend of €18,000 p.a. plus tuition fees. As part of the PhD studentship funding is available for stays in
international centres of excellence. As this measure is designed to stimulate engineers into energy research, PhD students must be
graduate engineers.

Interested candidates should contact individual research groupsicentres directly for further information on the application process.

The Charles Parsons Energy Research Awards is an initiative under the Irish Gavernment's
‘Strategy for Science, Technology and Innovation (2006-2013)".
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UNIVERSITAT BASEL

The Faculty of Science (Philosophisch-Naturwissenschaftliche Fakultat) of the University of Basel
invites applications for the position of

Professor of Chemistry

The candidate is expacted 1o have an axceptional track record in inorganic chemistry. The Univar-
sity of Basel has priority research areas in Life Sciences and Manoscale Sciences and hence we
are seeking excellant candidates with internationally recaognized research programmes in any ares
of

Bioinorganic Chemistry

The successful person will participate in teaching inorganic chemistry at all levels of the BSc-,
MSc- and PhD programmes. Depending on the candidate’s qualifications, the appointment will be
a tenured Associate or Full Profassorship.

The Departmant of Chemistry is located near the centre of Basel, a town which provides a stimu-
lating and attractive environment for interdisciplinary research due to the concentration of scence
institutes and chemical and pharmaceautical industry.

For further information see http:/fwww.chemie.unibas.ch

Itis hoped that the successful candidate will commence the appointment February 2008, or as soon
as possible thereafter. Applications received by 1° April 2007 will be guaranteed full consideration.
The University of Basal is an equal opportunity employer. Applications from women candidates are
particularly encouraged. Applications, including a curiculum vitae, list of publications, names of four
referses, oulling of current and future research plans should be sent on CD (one zip file including
all docurnients as pdf files) and on paper to the Dean of the Faculty at the following address: Prof. Dr.
phil, Hans-Peter Haur, Dekanat der Philosophisch-Naturwissenschaftichen Fakuhét, Klingelberg-
strasse 70, CH-4056 Basel,

For further infermation please contact: Prof. Dr. Weli-D. Woggon, Head, Department of Chamistry,
Tel+FAX: +41 61 267 11 02, E-mail: Welf-D.Woggon@unibas.ch
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BowpoilnN COLLEGE

Marine Biology

The Bowdein College Bidagy Depariment seeks applicants
for o one-year wisiing foculty padition in maring bickgy
Condidates should have a Ph.D. by August 2007 and will
be expacied (1] to ach 3 courses during the 07 /0B
ocodemic year: 0 majors core course in maring biology
with o weekly loboratory, an odvanced course in ther
area of expertise and a course for ronacience majors,
ond {2} to mentor independont shadont ressarch projects.
This posifion encourages the uwse of an dfcompus dock
and running seavwater matine lab for ressarch and
waching [see htpi focodemic. bowdoineduf

e/ resources/ marine. shtml].

Review of opplications will begin March 1, 2007, Pleass
sond o cumriculum vita, siatement of teaching and msearch
inderests and expertise, and arrange for 3 letiees of
recommendations o be farwarded 1o: Marine Biology
Search, Dept of Biology, 6500 College Station,
Bowdoin College, Brunswick, ME 0401 1. For
futthes infoemalion abaut he college, the depariment,

ond the progrom, pleose oo cur websile:
www.bowdoin.edu

Bowdoin Collage i commined fo equalily through
affimative ackion. Woman ond minorities ave

encouaged lo apply.

www.bowdoin.edu

TEXAS TECH UNIVERSITY

HEALTH SCIENCES CENTER
at Amarillo

Mrs. J. Avery Rush Endowed Chair in Women's Health and Oncology
The Texas Tech University Health Sciences Center (TTUHSC) Women's Health Rescarch Instinune 15
pleased 1o initiate the search for the newly established Mrs. J. Avery Rush Endowed Chair in Women's
Health and Oneology, The aim o the Rush Endowed Chair i5 to contribute to the growth and excellence
of the established TTUHSC Women's Health and Oncology research and clinical programs, Arcas
of high rescarch interest for the Rush Endowed Chair inelude breast, ovarian and other gynecologic
malignancies, This academic position includes research, clinical and teaching activities to be adaped
to the successful applicant’s research program and clinical skills.

Ak
O-

Accordingly, the success ful applicanmt will typically have attained an MD, MD/PhD or an equivalent
degree, have both clinical expertise, an established extramurally funded research program in women's
health oncology and be ehigible for Texas medical licensure. The Rush Endowed Chair will hold an
academic appointment at the rank of associate or full professor in the appropriate TTUHSC SOM
department(s). Dual departmental ‘school appoimtments are available.

TTUHSC s campus includes Schools of Medicine, Pharmacy and Allied Health. Each academic unit
offers a collaborative, collegial environment that incorporates a wide variety of research and clinical
areas of expertise. TTUHSC Amarillo has focus areas of excellence in the arcas of geriatrics/aging,
women's healthand cancer. Thus, there are many opporiunities for cross-collaboration with established
researchers.

TTUHSC S0M administration and faculty are strongly committed to the growth and success of an inte-
grative cancer research program and welcome gualified candidates to apply for this exciting position,
Applicants are requested to submit a cumculum vitae and personal statement describing motivation
for application and strengths related to building an integrated cancer research program. Please submit
documents online at_hitp://jobs.texastech.edu (job requisition #73143). Questions or inquiries are
welcome and should be directed 1o:

Marjorie R. Jenkins, MDDy
Search Committee Chair
Co-Director, Women's Health Research Institute
1400 Coulter Drive Amarillo, Texas 79106
(B06)354-5480
Marjorie.Jenkinsi ttubsc.edu

TTUHSC is an Equal Emplayment Opporimity Emplaver (EOE).

Staff Biochemist

Perform  electrophysiological
studies to determine effects of
novel drugs on spinal cord
neuron activity following inflam-
mation or neuropathy. Eval anal-
gesic activity of novel drugs for
inflammatory & neuropathic
pain. Design experiments, collect,
analyze & summarize data, using
various math & statistical soft-
ware/prog languages. Min Req.:
MS in Bio, Chemn Eng or Biomed
Eng & 2 yrs of lab exp performing
electrophysiological & behavioral
studies w/ rodents. Job location:
West Point, PA. CV to 1. Kennedy,
Merck Research Labs, WP1-3,
770 Surmneytown Pike, PO Box 4,
West Point PA 19486. Merck is an
equal opportunity employer,
M/F/D/N - proudly embracing
diversity in all of its manifestations.




Newcastle. One of only six Science Cities.

One growing and prosperous region.

One great place to live and work.

Internationally-Leading Professors in
Molecular Engineering & Energy and Environment

The UK govemment recantly announced the

edablishmant of six 'Science Cities', with the

vizion of transforming the interactions between the

university sclence base, Industry,

development and local govemance, As a major elemeant

of Mewcastie Science City, an ‘Excellence Fund' has been

established at MNewcastle University to faclitate the
appointment of internationally-leading Professons,

bio-processing.

Newcastle Science City

TRANSFORMING TOMORROW

We are cumently seeking outstanding candidates, at
the Professorial lewvel, to provide leadership In
world-class research in the following areas:
Molecular Engineering, n which
iz currently focusing on emarging electronics
and sensors, drug discovery and development, and

Energy and Environment, in which research embwaces energy
biosclencas, clean enengy from the geosphere, fud cells, hydrogen
technologies and carbon neutrality.

regona We seek opinion-leaders in these or complementary areas of reseanch

to help us realise tha scaring ambitions of Newcastia Scianca City.
A unigue opportunity esists for the successful candidates 1o ensure
deal support facilties, bath through engagement in a major new
ouilding progranmme in Newcastle oty cenlra, and through further
research staff appointments

Infermal enguiries may be made to: Professor Nick Wright,
e-mail: n.g.wright@ncl.ac.uk for Molecular Engineering,

resgarch or Professor Paul Younger, e-mail; paul.younger@ncl.ac.uk for

Energy and Environment.

For furthar detalls of how to apply for these posts, please visit
our website at www.ncl.ac.uk/sciencecity

Closing date: 16 February 2007.

o5 Newcastle
University

<% NIEHS
& F Notional Instiute of
’ v Environmental Health Sciences
Department of Health and Human Services
MNational Institutes of Health
National Institute of Environmental Health Sciences
Research Triangle Park, North Carelina

Editor-in-Chief

The National Institute of Environmental Health Sciences is commencing
a search for the next Editor-in=Chief of Envirsnmental Heafth Perspec-
fives (EHP). EHF 15 a peer-reviewed monthly science journal, publish-
ing a wide range of topics related to the impact of the environment on
health and disease. The journal has an impact factor of 5.34 and ranks
first among 132 environmental science joumals and among 90 public,
envirommental, and eccupational health journals. The joumnal is intema-
tional in scope and is distributed in 190 countries. The Editorial Search
Committee seeks (o dentify an active scientist in a field related 1o the
environmental health sciences and with previous editonal experience

The objective is to identify the next Editor-in-Chief by March 1, 2007

This individual will then begin working with the Interim Editor and EHFP
stafT to complete the transition by July 1, 2007,

Letters ofinterest and plans for EHP, along with cumculum vitae, should
be submitted by February 1, 2007 cither electronically or by mail to:
William J. Martin 11, M.,

National Institute of Environmental Health Sciences
PO Box 12233, Mail Drop B2-07
Research Triangle Park, NC 27709
E-mail: Hovd3a nichs.nih.gov
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Call for applications to a UPMC international
professorship at the Station Biologique de Roscoff.

The Université Pierre et Marie Curice (UPMC), i collaboraton with
the Centre Mational de la Recherche Saientifique (CNRS) is establishing
an international chair in marine genomics, at the Station Biologique
de Roscolf (Britanny. France, hitpSwww.sh-roscofl.fry. This chair is
created to develop anew research programme on the genomics of marine
organisms and ccosvstems.

The Station Biologique de RoscoflT{SBR) is an advanced research and
training center in marine biology and oceanography, jointly operated
by CNRS and UPMC. SBR is promoling genomics approaches on marine
models and ecosysiems. It 15 the leader of the Network of Excellence
“Marne Genomics Europe™ and had just become an EU Marie Curie
lraiming site.

Candidates should be high-level, confirmed researchers (35435 wrs,
non-French citizens). The selected candidate will be emploved by the
UPMC as a Professor under a four-year contract, with possible tenure
The international chair will be endowed with 60 m® of lab space aswell as
with the possibility to hire one ligh- level techmean and one pre-doctoral
fellow, both emploved by the UPMC

Applications are o be sent before March 31rest, 2007 1o Bernard
Klnareg, Directeur de la Station Biologigue de Roscoff, Place Georges
Teissier, 22680 Roscofl, France: e-mail: Kloarcgi sh-roscoff.0r: Phone
+ 33 (D)2 98292305, They should i.11l.'tl.l.l.-l.;.."-Ei-ll-.L'.\]'lrl:.‘.‘-:\il.lll of inicrest, a
C.V, two letters of recommendation and a shont description of the
research programme o be developed (ca. 2 pages). Ce the application
10: marvselagreve@ upme. fr,
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Molecular and Medical Genetics
School of Medicine
Oregon Health & Science University

The School of Medicine at Oregon Health & Science University invites applications and nominations
for the position of Professor and Chair, Department of Molecular and Medical Genetics.

The Department has a long history of excellence in teaching, research and service. Currently there are
29 primary faculty, 21 joint faculty and 6 adjunct faculty. The areas of research and teaching in the
department include molecular genetics, molecular biology, somatic cell genetics, cytogenetics, molecular
eytogenetics, population genetics, biochemical genetics, and stem cell function. Examples of ongoing
projects include penome stability in cancer and inherited diseases, genetics of rare disorders, pene therapy,
human genomics, and epigenetics in cancer. The Department has close climical and re search interactions
with the Doembecher Children’s Hospital, the Child Development and Rehabilitation Center, and with
the Oregon Cancer Institute. The OHSU School of Medicine ranks in the top 30 of all research-orientated
medical schools with more than 5300 mallion in extramural support. OHSU was funded in the first round
of the Clinical and Translational Science Awards; the department has a key role in University translational
and interdisciplinary research efforts. In addition, there are numerous opportunities for mteractions
with the other schools and centers at OHSU, including the Oregon National Primate Research Center,
the Vollum Institute for Advanced Biomedical Research, the Schools of Nursing and Dentistry and the
Oregon Graduate Institute of Science and Engineening.

We seek condidates with an M. D, and/or Ph.D. degree that are internationally recognized for their research,
have o strong commitment to teaching and demonstrate the leadership skills needed to expand and enhance
the department’s clinical and service activities, The successful apphicant must be a skilled commumeator
witha clear vision for departmental growth and development. In addition toa generous start-up package
for the chairperson, there is also strong institutional support for hinng new faculty, Overall, this recruit-
ment is part of a major investment at OHSU to expand genetics and genomics research.

OHSU places a high prionty on cultural diversity; thus, we seek candidates wath a demonstrated sen-
sitivity to and understanding of the diverse academic, socioeconomie, cultural, disabled and ¢thnic
backgrounds of OHSLU s students and employees. Interested individuals should submit a Curriculum
Vitae and the names of three references to: Search Committee = Molecular and Medical Genetics,
¢'o Nicole Lockart, Dean’s Office - Schoal of Medicine, Oregon Health & Science University, 3181
SW Sam Jackson Park Road, Portland, OR 97239-3098; or c=mail: lockartni ohsu.edu. Review of
apphications will commence immediately and continue until the position is filled.

CHSU i an Affirmarive Action, Equal Oppartumity Emplover, Women, minarities, disabled persons,
Fietman era amd divabfed veterans are encouraged to apple OHSU v a smoke free workploce.

@ MAYO CLINIC

Faculty Position
in
Cancer Pharmacology

The Division of Oncology Research and
the Depanment of Molecular Pharmacol-
ogy and Experimental Therapeutics of the
Mayo Clinie College of Medicine seck an
putstanding research investigator in the
area of cancer pharmacology. Rescarch
within the Division is highlighted at htip:
Heancercenter.mayo.cdu/mayo/research/

developmental therapentics’,

Applications for either an Assistant Professor
or more senior level appointment are wel-
comed. Investigators with expertise in the
arcas of proliferative signaling, cell cyele
checkpoints, DNA repair, cancer pharma-
cogenomics and’or rational drug design are
particularly encouraged 10 applv.

Accurriculum vitae, selected publications, and
a statement of research imterests, should be
submitted by March 31, 2007 1o
eh Strawss (strauss.debrad mavoeedu)
or lo:

Scott Kaufmann, M., Ph.D.
Search Committee Chair
Cuggenheim 1301
Mayo Clinic
Rochester, MN 55905

James Graham Brown Cancer Center
Tumeor Immunology Faculty Position

A tenure-track faculty position at the rank of Assistant Professor has

= Karolinska
< Institutet

opened ina collaborative rescarch group focused on cellular and molecu-
lar tumor immunology. The successiul candidate will be provided with
generous start-up fumnds, a competitive salary, a primary tenure-track
academie appointment in the Depanment of Microbiology and Immu-
nology within the School of Medicine, and ample research laboratory
space in proximity 1o the extensive core facilities of the Brown Cancer
Center. Successful candidates will have, or be expected 1o establish,
a productive extramurally funded research program and will bring
teaching and mentoring capability 1o the immunology Ph.D, gradu-
ate program. Preference will be given 1o candidates with current NCI
funding and'or who are capable of establishing collaborative research
interactions with several of the existing members of the Tumor Immu-
nobiology Program. The rank of Associate Professor will be considered
for individuals who have an established research program and significant
extramural rescarch funding,

Additional information on the rescarch programs may be found
at htipeffwww.lonisville.edu/medschool/immunology and htip:
Hbrowncancercenter.org/bee2005/ rescarch/programaaspx. Appl-
cants must have 2 or more vears of postdoctoral research expenence
wilh clear evidence of productivity and fundability. The search will
remain open until the position is filled. Applicants must apply on line
at: www.louisville.edu/jobs and anach a e.v. containing an abstract of
rescarch interest. Arrange for 4 letters of reference to be sent to:
Raobert v, Stout, Ph.Ix, Professor and Chairman
Department of Microbiology and Immunalogy
School of Medicine
University of Louisville, Health Sciences Center
Louisville, KY 40292

Umiversity of Lonisvilfe is an Equal Qpportimity Emplaver

-*""Nu w®

PROFESSOR IN MEDICAL BIOCHEMISTRY

Karolinska Institutet seeks applicants for a position as full
professor in Medical Biochemistry, The position is profiled
towards rescarch in biochemistry and includes teaching at
the under-graduate and post-graduate level. The holder is
expected 10 carry oul outstanding rescarch and teaching at a
high internatonal level.

The rescarch of the applicant should be based on experimental
approaches and can represent a variely of arcas in the liclds
of biochemisiry and molecular biology, preferentially with
emphasis on medically important questions. The applicants
should have a broad and well-documented experience inmodern
biochemistry. Further information concerning this position may
be abtained from Professor Karl Tryggvason, Department of
Medical Biochemisiry and Biophysics, Karolinska Institutet,
phone: +46 8-524 8770, fax: +46 B-31 61 65, E-mail:
karlarveevason(a ki.se

Deadline for applications 1s March 26, 2I07.

Letter of application, curriculum vitae, qualifications, written
synopsis of future research, 10 scientific publications ol your
choice should be sent in 4 copies by March 26, 2007 1o
Regisirator. Karolinska Institutet, 5-171 77 Stockholm,
Sweden. For more detailed information, please look at hitp:
[info.ki.se for the entire advertisement and the Qualifications
Partfolio.




[‘v’hRS]']YE‘JI One ol ll.u' oldest instutions .::1 higher

L education in this country, the Universaty of

w EIAWARE Delaware today combines tradition and

" innovatien, offering students a rich hentage

along with the lmest in instructional and research technology. The University

of Delaware is a Land-Grant, Sea-Grant, Urban-Gramt and Space-Gran

mstitution with its main campus in Newark, DE, located halfway between

Washington, DC and New York City.,  Please wisit our website al
www.udel, edu,

Phytoplankton Oceanographer
Assistant Professor

The College of Marine and Earth Studies invites applications for a
9-month tenure-track position in Biological Occanography, The position is
available after September 2007 and is located at the Lewes campus, which
has modem laboratory facilities and easy access w diverse manne habitats,
Responsibilities will include development of a vigorous research program,
teaching, and advisement of graduate students, We are looking for candidates
with expertise in phytoplankton ecology who will establish mn integrated feld
and laboratory program using modemn techniques, such as those from
molecular biology, The successful candidate will be expected o interact with
scientisis from diverse disciplines and will receive a competitive salary and
attractive starfup package. For more information on the College. please visit
our website at www.ocean.udeledu.

Candidates should submit a letier of interest (hard copy and email as a single
pdfl document) describing research and teaching interests, curmiculum vilae,
and the names and contact information of three references 1o David L.
Kirchman (phytosearchi@ems.udel.edu), College of Marine and Eanh
Studies, University of Delaware, Lewes, DE 19958, Review of applications
will begin on March 5. 2007 and will continue until the position is {illed.

Curriculum vitar and all application materials will be shared with
departemienital facully.

The UNIVERSITY (0F DELAWARE is an Equal Opportunity Employer which
enconrages applications from Minority Croup Members and Wemen,

MASSACHUSETTS GENERAL HOSPITAL
HARVARD STEM CELL INSTITUTE

The Center for Regenerative Medicine (CRM) at Massachu-
setts General Hospital invites applications for a tenure-track
assistant professor position. OQuistanding scientists in the ficld of
stem cell biology who have the demonstrated abiliny w develop
a strong independent research program will be considered. Suc-
cessful candidateds) will be members of the Harvard Stem
Cell Institute and faculty of Harvard University. Candidates
must hold a PhD and/or MD and have a history of innovative,
interactive rescarch. Women and minority candidates are urged
to apply.

Applicants should send an electronic copy of (1) letter ol interest
{ 23 research plan and (3) curremt curriculum vitae o Dr, David
Scadden ¢/o Chris Shambaugh: cpasker(a pariners.org.
Three letters of recommendation should also be sent directly
([

Center for Regenerative Medicine Search Committee
Attention: Chris Shambaugh
Massachusetts General Hospital
185 Cambrideze St,

CPEN 4265A
Boston, MAO2114

MGH is an Egual Opporvinning/Afftrmative Action Emplaver

NC STATE UNIVERSITY

ASSOCIATE DEAN FOR RESEARCH
AND GRADUATE PROGRAMS

The College of Veterimary Medicine (CVM) a Nonh Caroling State
University  (hitpzffwww.ovmnesuedw') invites applications for
Associate Dean for Rescarch and Graduate Programs. The College
secks exceptional candidates who will capitalize on the many
existing strengths of the CVM and the University, This individual
will play a pivotal role in the future development of one of the
nation's premier veterinary schools in the areas of rescarch and
graduate education,

The College excels in basic, translational and clinical research, the
ming of veterimary and graduate students, and the provision of
owtstanding patient care. In 2005, the CVM faculty successTully
competed for $9.9 million in extramural research funding, placing
the college among the tog five ULS. veterinary schools, The College
15 located near the Research Trangle Park of North Caroling and in
close proximity to other highly distinguished universities and
industrial partners, including the bistechnology and agribusiness
sectors. It is expected that the incumbent of this position will take
advantage of opportunities for developing effective collaborations
with these local resources. The Associate Dean should be an
effective communicator who will serve as a catalyst in support of
new and mnovative research progroms, including the areas of
genomics and proteomics, food safety and agro-medicine, cancer
biology. nanctoxicology. as well as allergic and emerging infectious
discases. The Associate Dean will facilitate the continued
development of programs that are underway, including the newly
formed Center for Comparative Medicine and  Translational
Research (hitpfwww.evmneswedw/research/comitr/) and the
Center for Chemical Toxicology Research and Pharmacokinetics
(hup:/fectrpnesuedn. The College seeks an Associate Dean
who will play a central role in moving the College toward its
aspiration of becoming the nation's premier site for basic.
translational and climical animal research and a recognized center
for the training of clinician scientists. This individual will also help
the College promote the concept of “One Medicine™ for the benefin
of society.

The College is home to a number of graduate programs spanning a
variety of biomedical disciplines leading 1o MS, MSVPM, Ph.D.
and DVM-PhD. degrees. The Associate Dean will provide
leadership w direct and expand these tmining programs as well as
a vision for the future that facilitates and  encourages
interdisciplinary  collaborations within the University and with
academic and non-academic partners, The successful candidate will
also administer amd continue 10 develop the College’s research
facilities. including laboratory animal resources,

Candrdates must hold a Ph.D. MD andfor DVM degree and have
demonstrated excellence in research as judged by their publication
and  extrmmural  funding  record,  with  experience  and
accomplishments equivalent to those regquired for the mnk of Full
Professor. There 15 an expectation that the Associate Dean will
maintain an active research program

Applications must be submitted online and should mclude a curment
Curriculum Vitae and the names and addresses of three references.
For additional mformation and to apply ooline, please wvisit
http:ffjobs.ncsuedn and reference position #8-64-0701. The
Search Commitiee will begin reviewing applications on March 15,
2007 and the search will remain open until a suitable candidate is
found. For further information please contact:

Dir. Chris MoGahan, Chair
Search Committee for the
Associate Dean lor Research and Graduate Programs
Department Head
Molecular Biomedical Sciences
College of Veterinary Medicine
Morth Carolina State University
4700 Hillsborough Si.
Raleigh, NC 27606

North Caroling State Universite is an egual opportunicy amd
affirmative action emplover. fn addition, North Caroling Sware
University welcomes all persons withour regard o sexual origntation.
For ADA accomenadations j’i’l'ﬂ.’il' comtact f919) 513-3148,

= NC S‘HLTE'
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2 Great Career Events

Science/UCSF
Biotech Industry
Career Fair

(in partnership with AAAS Annual Meeting)

Make your next career move easier. Science Careers and UCSF
are co-hosting a career fair in conjunction with the upcoming
AAAS Annual Meeting. Come meet recruiters face to face and
explore career opportunities for all levels of scientists.

Thursday, 15 February 2007
1:00 pm—-4:30 pm

UCSF Mission Bay Campus
Robertson Auditorium

San Francisco, CA

For information on exhibiting, contact
Darrell Bryant at (202) 326-6533.
Exhibitors receive free access to Science's

Resume/CV Database for 3 months.

Making the Most
of Your Career Fair

If you'll be attending the career fair, maximize your
experience by first attending our free seminar, Making
the Most of Your Career Fair. Learn how to promote
yourself quickly and professionally.

Tuesday, 13 February 2007

6:00 pm — reception to follow

UCSF Mission Bay Campus

Genentech Auditorium

San Francisco, CA For more information on these events, visit
www.sciencecareers.org/ucsf

Making the Most of Your Career
Fair is sponsored by Genentech

Genentech

IN BUSINESS FOR LIFE

ScienceCareers.org

We know science RYAAAS




PIONEER.

A DUFONT COMPANY
Research Scientist = Bioinformatics

Pioneer Hi-Bred International, [nc, a Duloni
company. is the world leader in the discovery,
development and delivery of elite crop genct-
ics, We are looking for a Rescarch Scientist
at our Johnston, lowa location. This indi-
vidual will apply leading computational and
bicinformatics skills w an interdisciplinary
team focused on sovbean crop improvement.
Responsibilites will imclude managing, ana-
Iveing and curating sovbean genomic data,
gene expression and funcuonal annotations,
genetic and physical maps, and comparative
genomics. We are also secking a self-moti-
vated researcher who can help dentify and
develop novel transgenic and molecular
breeding solutions for crop improvement.
A Ph.D. in genetics, biochemistry, molecular
biclogy, bioinformatics or related field, and a
strong background in plant biology required.
Experience in computer science and knowl-
edge of Unix-based computer operating
systems, Perl senpt and other programming,
web-based interface reporting. database
design, data-mining twools are required

Reg ID for this position 15 4560BR. To view
acomplete job description and to apply, goto
www.ploncer.com/employ ment

EQE

DIRECTOR
CENTER FOR URBAN ENVIRONMENTAL RESEARCH AND POLICY
LOYOLA UNIVERSITY CHICAGO

Loyola University Chicago (LUC) invites applications for the position of Director of the Center for Urban
Environmenial Research and Policy (CUERP) (http:/'wwwlue.edw/euerp). LUC is one of the lrgest Jesuit
universities in the United States, with three campuses in the Chicago metropolitan arca and a Rome Center
in lialy (htip:/www lacedu). Launched in Sepiember 2005 as one of LUC's Centers of Excellence, CUERP
is an interdisciplinary center dedicated 1o research, teaching. training, and outreach activitics tha focus
on the urban landscape as an ecosystem. CUERP®s mission 15 to advance understanding of the complex
interdependency between humans and environmental systems and facilitate collaboration among scholars
who are mierested in making a significant contribition to environmental research and policy. CUERP houses
the Emvironmental Science/Studies Program, which offers an undergmduate major,

The director will play a vital role in building and preserving the Center’s interdisciplinary identity and will
be involved in all aspects of initiating and orchestrating the activities negessary to achieve the Center’s
mission and goals. Responsibilities of the Director will include:
+ cultivating new research and funding opportunities to support affilisted faculty and student projects;
= networking with area institutes as well as local, regional, and national expens to establish important
parinerships, share information, and expand research and outreach endeavors;
& sIfviRlg Lo create, with its commiinily partners, a sustainable environment in the Chicago metropolilan
region;
+ working with CUERP's Geographic Information Sysiems (GIS) Specialist to assist in the promotion
of GIS throughout LUC and the larger community;
+ overseeing the Center s faculty and student fellowship programs,
The director will hold a joint appointment in CUERP and an academic depariment appropriate for that
person's disciplinary expertise,
The successhul candidate will have a doctorate in the Natural Sciences or Social Sciences relevant o
environmental issues: an active research program: a demonstrated record of oblaining extramiiral funding
and successfully administrating rescarch projects: experience in fostering parinerships with community
organizations: and excellent interpersonal and communication skills. To ensure full consideration, appli-
cations should be received by March 1, 2007, The position will remain open until filled, The anticipated
start date 15 August 16, 2007, Applicants should submit their curriculum vitae (CY'), letter of interest, and
contact mlormmation for thiee releraices lo: Dr. Martin Berg, Chairperson CUERP Seareh Committee,
Department of Biology, Loyola University Chicago, Room 317, Quinlan Life Sciences Center, 6525
North Sheridan Road, Chicago, IL 60626, Candidates also must register their application and submit an
electronic CV and cover letter at www.eareers.luc.edu.

Lovela University Chicago is an Egual Opportunity, Affemative Action Eniplaver
with a strong commitment to the diversification af its focuf.

FACULTY POSITIONS
IN CANCER RESEARCH

Kimmel Cancer Center

Jefferson Medical College
Thomas Jeflerson University

Kimmal Cancer Center (KCQ) of Jeffersan Medical Collage,
Thomas Jefferson University, under its new directos, Richard
Pestell, MD,PRD is seaking cutstanding, wel-funded investigators
for several enuredtanure-track posiions atthe level of Professar
ar Associate Prefessar.

Duslified candidates wil howve om advanced degres, 8 strong
jpublication record, demonstrated ability to obtain extramursl
fisnding and have transferabla research funds. An actve program
ralated o cancer iesearch, i, cancer genebcs, giowih contol,
cellaler signaling, tumes immunology and virglogy, apoptosis
and angicganasis, et & required,

Successful applicents will be provided with a highly competitive
package of laboratory space, start-up funding, and salary. KCC
providos extonsive msearch support through muliple-shared
rasowces with access to the latest equipmant and technologies

Applicants showld submil & leter of application, curricelum
witag including current and past funding, a statement of
rasearch accomplishments and future directions, and the
names of four references including thewr mailing and e-mad
addresses and phone mambers

Applications will be sceapted until the positians ere filled and
should be submitted to: Richard. Davidson@mail.jeitju.edu ar
mailed to De Richard Davidson, Directar ol Admiistration,
Kimenel Cancer Center. Thomas Jellerson University, 233 5. 10th
1., Phila, PA 19107

Jeffersan Medical College is bocated in Center City Philade phia
adjacent to a variety of cultural, entartainment and historical
attractions

i Thomas
Jetlerson
University

Affirmative Action/Equal Opportunity Employer

Applications and nominations are invited for the position of

Vice President for Research (VPR)

Marshall University is a public, non-profit, academic institution offering degrees in 95 academic ficlds
toover 14,000 undergraduate and graduate students (http://www.marshall.eduw'). Its main campus is
located in Humtington, West Virginia,

Marshall is building its research capacity with emphasis on capitalizing on the capabilitics of recem
facility investments and acquiring additional infrastructure and personnel to (1) enhance undergraduate
and graduate research, (2) create nationally compettive interdisciphnary research programs/centers,
and (3) accelerate regional technology-based cconomic development. The initial phase of this process
has been major infrastruciure development. The university has invested over $110M of federal, stale
and private funds to construct an amazing array of state-of-the-an facilities - the Robert C, Byrd Bio-
technology Science Center, the Edwards Cancer Center, the Clinical Education and Outreach Center,
and the Forensic Science Center Annex. New hires in the School of Medicine, College of Science and
the expanding College of Information Technology and Engmeenng are bringing increased grant activ-
ity. This year, non-construction research granis and contracts exceeded 542M (twice that receivied in
2000-01) with over 75% coming from federal sources. Principal research thrusts mvolve medical and
basic life sciences, forensics, environmental and transportation, The next phase of the umversity's
strategic vision for research is the expansion of STEM (Science, Technology, Engincering, Math)
faculties and research. A maor part of this expansion is the development of the Marshall Institute for
Interdisciplinary Rescarch (MITR) featuring anumber of endowed positions for nationally competitive
investigators. The initial focus of MIIE will be the complex interactions between environmental and
genetic factors contibuting 10 chronic diseases of Appalachia.

The primary role of the VPR is 10 guide the development of Marshall's research endeavors in ways
that anticipate and address global competitiveness and state needs. As Marshall's primary research
administrator. the VPR serves as the Director of Marshall University Technology Transfer Office and the
Office of Rescarch Integrity, and also represents the University on several state research and economic
development committees. The VPR repors to the Provost and St VP for Academic Affairs,

Priority will be given to candidates possessing a Ph.D. degree ina basic or life science or an engineering
ficld; sigmficant research and administrative expenience in higher education, industry or government
laboratones; and demonstrated leadership skills in research development at the university, state, and'or
national level. Salary will be competitive and commensurate with experience.

Send a letter of interest and curriculum vitae and the names of three references or nomination to: Dr,
Sarah N, Denman, Provost and Senior Viee President lfor Academic AfTairs, Marshall University,
One John Marshall Drive, Huntington, WY 25755 or email: academic-afTairs@ marshalledu,
Review of applications will begin immediately and continue until the position s Glled.
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Featured Employers

Search ScienceCareers.org for job postings
from these employers. Listings updated
three times a week.

Abbott Laboratories www.abbott.com
Elan Pharmaceuticals www.elan.com/careers

Genentech www.gene.com

Kelly Scientific Resources
www.kellyscientific.com

Novartis Institutes for BioMedical Research
www.nibr.novartis.com

Pfizer Inc.
wwwi.pfizer.com
Philip Morris )
www.cantbeattheexperience.com
Pioneer Hi-Bred
WWW.pioneer.com
If you would like to be a featured
employer, call 202-326-6543.
ScienceCareers.org
Wr knpw science R aans

Europe’s Brain Gain

Whether recruiting,
creating awareness,
or branding your
organisation, don't
miss the opportunity
to be seen in this
issue,

Issue Date:
2 March 2007

Booking Deadline:
13 February 2007

Contacts:

Tracy Holmes, Christina
Harrison, or Svitlana Barnes
ads@science-int.co.uk

+44 (0) 1223 326500

ScienceCareers.org

THE STATE UNIVERSITY OF NEW JERSEY

RUTGERS

Dean
Ernest Mario School of Pharmacy

Rutgers, The State University of New Jersey, seeks an outstanding
leader and eminent scholar for the position of Dean of the Ernest

Mario School of Pharmacy. Scientists with an exceptiional record of

scholarly accomplishment and a passionate commitment to excel-
lence in pharmaceutical education both in academe and in clinical
practice are encouraged o apply. The Dean is the chiel academic
and administrative officer of the School and reports directly 1o the
Rutgers Executive Vice President for Academic Affairs.

Rutgers 15 one of the nation’s oldest and largest institutions of
higher education, and is a member of the prestigious Association
of Amencan Universities. The Emest Mario School of Pharmacy
(EMSP) has a strong academic reputation as one of the top-ranked
schools of pharmacy in the country. 1t is the only school of phar-
macy in New Jersey, a leading state in the pharmaceutical and
medical technology industry. EMSP is part of a vibrant biomedical
and health scrences rescarch and teaching community at Rutgers
University, including major academic programs in the life sciences.,
hrotechnology, neuroscience, and bio-engineering, and collabom-
tive relationships with the Cemer for Advanced Biotechnology and
Medicine, The Environmental and Occupational Health Sciences
Institute, the Cancer Institute of New Jersey, The School of Public
Health, The Robert Wood Johnson Medical School, the New Jersey
Center for Biomaterials, the Stem Cell Institute of New Jersey, the
Human Geneties Institute, and other related centers and programs.
Admission to the EMSPis highly selective, and current enrollment
i5 1,325 full<time students. With seventv-six full-time faculty mem-
bers representing strength in both the basic sciences and clinical
practice, the EMSP offers a fully accredited six-year professional
degree program leading to the Doctor of Pharmacy. EMSP faculry
members are also deeply involved in M.S. and Ph.D. programs in
Pharmaceutics, Medicinal Chemistry, Toxicology and related arcas,
The School 15 located in central New Jersey, close to New York
City, Philadelphia, beaches and countryside,

The Dean will provide the vision and energy to continue the
advancement ol the EMSP by assunng that the school 15 at the fore-
front of pharmacy education, chimeal practice and pharmaceutical
rescarch. The Dean wall foster collaborations wath faculty in other
Rutgers units, and play a lead role in strengthening the University’s
involvement with the state’s extensive phamaceutical industry and
medical university, The Dean is responsible for both the School’s
academic strategy and its fiscal management. Additionally, the Dean
serves as a strong advoeate for the School in communicating its
mission and goals to internal and external constituencies and in
ralsing funds from external sources. Candidates for the position
should have an carned doctorte in an appropriae ficld, a mimimum
of five years of admimnistrative experience, and a significant record
of teaching and scholarly or professional achievement.

The salary range is competitive, commensurate with experience and
qualificatons. The appomtment start date 15 July 1, 2007, Review
of nominations and applications has begun and will continue until
the position is filled. Applicants should submit a letter of interest,
a cumrent vitae, and the names and contact information for at least
three references who will be contacted only with the explicit permis-
ston of the candidate. All correspondence will be held in confidence
and should be mailed or emailed to:
Professor Kathryvn Uhrich, Chair,
EMSP Dean Search Commitiee
OMfice of the Executive Viee President for Academic Afairs
Rutgers, The State University of New Jersey
83 Somersct Street, Room 302
New Brunswick, NJ 08901-1281
c-mail: emspdsia rei.rutgers.edu; phone: (732) 932-8792

An Affirmative Action/Egaal Cpportnnity Emplover
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Does your next career step
need direction?

! have a great new research idea.

Where can | find more grant options?

'\ o

\ % [ turn to Science

Fora careerin science,

Science(:

We know science

You know, ScienceCareers.org

is part of the non-profit AAAS
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f got the offer I've been
dreaming aof.

/

With thousands of job postings,
it'sa lot easier to track down a
career that suits me

Now what?

I want a career,

nat just a job

N

There's anly one place to go for career advice if you value the

expertise of Science and the long experience of AAAS in supporting %
career advancement - ScienceCareers.org. The pages of Science - ,‘e

and our websile ScienceCareers.org offer:

* Thousands of job postings # Funding information i;
» Career advice articles and tools = Networking opportunities "

www.sciencecareers.org
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POSITIONS OPEN

POSITIONS OPEN

BIOLOGY EDUCATOR
ASSISTANT PROFESSOR

The Biological Sciences Department ar California
Stare Polvtechnie University, Pomona, invites appli-
cations for a tenure-track posinon i ological
cducation at the rank of Assistant Professor to begin
Hn.pt;.ml'k.rlﬂlh . The new faculey member will reach
classes in science fcontent methods leading to the
teaching credennal, develop specalty courses and
workshops for scence teachers, and will be expected
to establish and maintain an exrernally funded re-
scarch program in scicnce education involving un-
dergraduate and Master’s level students. The
successfinl candidare will also be expecred 1o assist
in curriculum development, advise students, serve on
Department, College, and University committees,
and engage in professional activities, Ph.DD. required
from an accredited institution in biology by August
2007, a combination of graduate degree and for
work expericnce in both biology and science edu-
cation, and possess or be qualified o obrain a
California teaching credential in a single subject
arca. Application review will begin March 1, 2007,
and will continue unl position is filled.

Address all nominations, inguiries, and rogueses o
Dr. Gil Brum and Tina Hartney
Co-Chairs, Biology Educator Search Committee
Biological Sciences Department
California State Polytechnic University, Pomona
3801 West Temple Avenue
Pomona, CA 91768
Telephone: 909-869-4036, fax: 909-869-4078
E-mail: gdbrum@csupomona.edu

FACULTY I'OSITION IN
COMPARATIVE IMMUNORBIOLOGY OR
HOST-PARASITE/SYMBIONT INTERACTIONS
University of Louisiana at Lafayerte

The Department of Biology ar the University of

Louisiana at Lafavette inwvites applications for a
tenure-track position at the ASSISTANT PRO-
FESSOR level in comparative immunobiology or
the biology of host-parasite or host-symbiong in-
teractions. We scek a promising scentist using an
experimental approach o investigare the cellular/
molecular basis of pathogenic, parasitic, or symbiaric
interactions, Applicants must have a PhID. in a
biological science, with postdoctoral experience
preferred. This individual wall be expected to es-
tablish a vigorous, extemally funded rescarch pro-
gram involving graduare students o complement
our dodtoral program in environmental and evolu-
tonary biology, and reach courses in immunobiology
and other arcas of specialty, Information about the
Departmeni is available at website; htep:/ /biology.
louisiana.edu/. Applicants should send their our-
riculum vitae and starements of research and
teaching, and have three letters of recommendarion
sent to: Immunobiology Search Committee,
Department of Biology, University of Louisiana
at Lafayeme, P.O. Box 42451, Lafayerte, LA
70504, Review of applications will begin on Felb-
ruary 22, 2007, Inguirics may be addressed to: Joe
Meigel, Chair, Immunobiology Search Commit-
tee, e-mail: immunoscarch@lowisiana.cdu.

[ 'rlrn'.l'-ll:.' i
Clppnctrannty A firmnative Acoien Employer

Lviiisidniat ﬂ.._af.d;rrrl'r Bé ri .I'i.jjr.rf ﬂ:'.ll.-]'n'.lj'urr.lr.'

The Department of Animal Scicnces, Purdue Uni-
versity, West Lafaverte, Indiana, invites applications
for a TENURE-TRACK FACULTY posinon, The
successful candidare will be expected 1o develop a re-
scarch program on aspects of adipose biology and for
lipid myetabolism thar are relevant to growth, obesity,
or the metabolic syndrome. Candidare will parnc-
pate in teaching and advising of both undergraduare
and graduate students. Suitable candidate must pos-
scss a ['h.D. in life sciences or a related arca; post-
doctoral expericnce is preferred. Detailed position
announcement and application details can be found
at website: http:/ www.ansc, purdue.edu/
positions /S BiolObesity2006.pdf. Beview of appli-

cations will begin February 1, 2007, and continue
until the position is filled. Pundue Unfvemity ie an Equad
Clpportunity qual Access/ Affimnative Adtion Employer
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PLANT CELL WALL BIOCHEMISTRY

The Deparmment of Biochemisory, Biophysics,
md Muolecular Hiulul.,'n l:'n :h-sitr ht v: /S www. bb.
............. aL' ) SOCRS 10
hire a tenure- |:r1Lk ASSISTANT PRﬂFESSDR..
The Department is particulary interested in can-
didates with experuise and rescarch interests i the
biochemistry, molecular biology, and biotechnology
of plant cell walls, The Diepartment offers an inter-
active rescarch environment with excellent rescarch
facilivics, including a full rnge of core fcilities o sup-
port rescarch in genomics, profeomics, merabo-
lomics, nudear magnetic resonance, and microscopy.
Applicants should have a PhDD. in a relevant fidd,
postdoctoral experience, and are expected to establish
a nationally prominent rescarch program. Addition-
ally, applicants are expected to actively partiapate in
graduate and undergraduate teaching. The expected
appointment is at the level of Asastant Professor
{tenure track), Excellent kiboratory space and a gen-
erous startup package will be made available,

Please provide curriculum vitae, three lerers of
recommendation, a two-page summary of prior re-
search . condise descriprion of future rescarch plans,
and a statement regarding reaching philosophy and
inerest by March 1, 2007, o the: Search Commit-
tee, Department of Biochemistry, Biophysics, and
Muolecular Biology, 1210 Molecular Biology Build-
ing, [owa State University, Ames, LA 5001 1.

ISLT is an Iijrl..ll' t}lllllai.lhrru.':r .'!.li'll.uulhu' Aitivni I.:r.lllnl-.li.n.

DIRECTOR, NEW YORK SEA GRANT

Srony Brook University (SUNY ) and Comell Uni-
versity invite nominations and applications for i
rector of the New York Sea Grant Institute { NYSGI ).
The Dircctor will be based at Stony Brook University,
where she/he will also hold an adjunct faculoy
position. NYSGI's mission s to develop and deliver
science that addresses issues of New York's marine
and Grear Lakes coasts, The Director provides lead-
ership 1o ensure :Iu: the research, education, and
outreach programs af NYSGI continue to be among
the nation’s best. Candidates should send a lerter of
apphication with cumriculum vitac, and contace intor-
maticn for at least five references to: Dean David
Conover, Scarch Committee Chair, 121 Discov-
erv Hall, Stony Brook University, Stony Brook,
NY 11794-5001. List of qualifications and full job
description are available ar website: hrtp:/ S,
seagrant.sunysb.edu /nysgdirector. To apply on-
line (strongly preferred) visit website: hup://
www.stonvbrook.edu/cjo. Review of applications
will begin on February 19, 2007, The search will
remain open until a suitable candidate is selecred,
Egual Chpytuanity /A fimnative Action Emplayer

ASSISTANT /ASSOCIATE PROFESSOR
Medical Genetics
Mercer University School of Medicine
Macon, Georgia
Mercer University School of Medicine invites ap-
plications for a 12-month salaried, tenure-track po
stion in genetics at the rank of ASSISTANT or
ASSOCIATE PROFESSOR. The successful can-
didate must have a strong commitment o medical
cducation excellence in a multidisciplinary, case-
based curriculum and wall be expected o develop an
independent, externally funded research program.
Applicants should have a doctoral degree with an ex-
pertise in human genctics and three vears of postdoe-
toral traming. Beview of applications will continue
until the position s filled. For online submission of
applicanions, visit website: https: £/ www.mercerjobs,

.'!_ffir.ll.'.rrrn' Adtiasr .f:-.rrl.l.r {lelpur.'.'r.lrrr]' f.'-urj'l.rnr,w
Anrericans watl Dasabilitne: Ao

The University of Manitoba (Winnipeg, Canada)
invites applications for HEAD of the DEPART-
MENT OF BIOLOGICAL SCIENCES. The
successful candidate will lead the development of a
newly formed Department comprised of 34 full-time
academic members with diverse research interests
in plant and animal biology, Complete job descrip-
ton and application instructions can be found at
website; hirp://umanitoba.ca/faculties /science.

Huazhong Agriculwml University (HALT), a
national key university founded in 1898, as
a umiversity of the 211 Project. is under the
administration of Ministry of Education of
China. The beautiful campus, located at Lion
Hill by South Lake in the city of Wuhan,
covers an arca of about 5 square kilometers,

HALU comprises 13 colleges and 2 independent
departments, with over 2100 faculty members.
HAU offers with 48 undergraduate specialiies,
7 master specialties, 54 PhD specialties, 10
PhD disciplines, 7 post-doctoral research
centers, 6 national key disciplines. In the
new century, HALU will further speed up its
progress and strive 1o become a distinctive
research university,

MNow we are inviting applications for
FACULTY POSITIONS of the Cheung Kong
Scholars Distinguished Professor Programme
in the following seven research fields: crop
genetics and breeding, microbiology.
pomology, biochemistry and molecular
biology, aquiculture, animal genetics breeding
and reproduction, agricultural and forestry
economics and management; we are also
mviting applications for excellent researchers
with doctor’s degree.

Details  are  available at  http:
/f'www.hzav.edu.cn, or direct inguiries o
Depatment of Personnel of the umversity
rejlexia mail. heaw.edu.cn (c-mal) or +86-27-
ET7280957 or +56-27-87281533( 1elephone)
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* How can you write a resume that stands out ina crowd?
* What do you need to transition from academia to industry?
* Should you do a postdoc in academia or in industry?

Dave |ensen
Industry
Recruiter
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Let a trusted resource like ScienceCareers.org help you
answer these questions. ScienceCareers.org has partnered
with moderator Dave Jensen and four well-respected advisers
who, along with your peers, will field career related questions.

Visit ScienceCareers.org and start an online dialogue.

Bring your career
concerns to the table. Dialogue
online with professional career
counselors and your peers.

ScienceCareers.org

We know science RV AAAS

i L International TNF Conference

MAY 13-16 A ) )/

Asilomar, CA, USA

Get the experts behind you.

www.ScienceCareers.or g The 11th International TNF Conference program

will cover new discoveries and advances in basic
science and dlinical research,

The scientific program will cover topics ranging from basic science to
translational research. Invited speakers, authors of selected abstracts, and
poster presenters will report on new developments in our understanding
of the structure, signaling mechanisms, and rolesin biology and disease

* Search Jobs

* Next Wave now
part of ScienceCareers.orng

* |ob Alerts

* Resume/CV
Database

* Career Forum
* Career Advice

* Meetings and
Announcements
» Graduate Programs

All these features are
FREE to job seekers.

ScienceCareers.org

Wi know seience Kanas

of TNF superfamily ligands and receptors.

Please join us for what promises to be an excting meeting and a
magnificent setting at the beautiful historic site of the Asilomar
Conference Grounds on the Pacific Ocean coast near Monterey, California
(approximately a 2 hour drive south of San Frandisco).

FOR MORE IMFORMATION AND TO REGISTER, PLEASE GO TO: wwwe.THF2007 0rg

| DRGANIZING COMMITTEE
Co-Chairs
Avi Ashicenari (Genentech, USA)
Juff Browning (Blogen Idec, USA}

Sarah Hymowitz (Genentech, USA)

Michae! Karin (LK San Dlegs, USA)

George Kallias (Blomedical S cence Research
Center, Greece)

Fablenne MacKay (G2rvin Institute, Australia)

Jurg Tschopp [University of Lausamne,
Switzerdand)

David Wallach (Weizmann Institute, krael)

Carl Ware (La Jolla Institute, LISA)

EEYMOTE LECTURE
Visha Dibxit (Genentech, USA)

CONFARMED SPEAKERS

Jonathan Ashwell (RCI, USA)

Gail Bishop [University of lowa, LISA]

Yongwon Choi (University of Pennsyhvania, L5A)
Mick Croft (La lolla brstitue, LS &)

Yang Xin Fu (University of Chicaga, LISA)

Sarah Hymowitz (Genentech, USA)

Yong Jun Liu (MD Anderson Cancer Center, USA)
Flavius Martin (Genentech, LI5A)

Sha M (Bsogen idec, USA)

Jurg Tschopp (University of Lamsanne, Switzerland)
David Waltach (Weizmann Institute, lsrael) |
Milten Wemner (Rockefeller University, USA)
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POSITIONS OPEN

ASSISTANT PROFESSOR
Ponce School of Medicine

The Department of Physiology and Pharmacology
at the Ponce School of Medidne invites applications
for a full-time faculey position ar the level of AS-
SISTANT PROFESSOR. We are secking individuals
with a Ph.D>., M.D., or equivalent, and postdocroral
expericnce, Fluency in spoken and written Spanish
and English is preferred. The successful candidare
will I expected to partiapate in the medical and
graduate student programs in the physiology and for
phamacology course(s) and to develop an indepen-
dent research program. Review of candidates wall
begin immediately and will continue until position
i filled, Send curriculum vitae, a statement of goals,
and names and addresses of three references to:

Dr. Ledon Ferder
Chairman, Physiology and Pharmacology
Department
Ponce School of Medicine
IOy, Box 7004
Ponce, Puerto Rico 00732
E-mail: leferder@psm.edu
The Ponee Schood of Mediane i an Egqual Opportiiry £
Affirmative Actiorr Employer. Women amd inorities are en-
oorraged fo apply.

WATERSHED HYDROLOGIST

The Tropical Agriculture Program of the Earth
Institure ar Columbia University, New York, sccks
applications for a Warershed Hydrologist at the
RESEARCH SCIENTIST or ASSOCIATE RE-
SEARCH SCIENTIST level. The position, focus-
ing on rural African livelihoods and environment,
involves basic and applied rescarch. The Warershed
Hydrologist will develop scientific framework,
models, and applications of sustainable small-scale
water capture and management by rural African
commuuitics for consumption, agrculture, and
coosvstem services, A Ph.D. in hvdrology or related
sciences is preferred. The position requires rescarch
experience in rural Africa and ability to perform in a
multdisciplinary and multiculoural environmenn;
extensive travel involved. Women and minornities
are encouraged to apply. Send letter of application
with curriculum virae and names of three references
to: D, Carlos Perez, Associate Director, Tropical
Agriculture, Columbia University, Lamont Hall,
PO, Box 1000, Palisades, NY 10964; e-mail:
cperez@ei.columbia.edu.

Coofiibii I'IJISH'I\JFF ] .'!!‘Jf:lrl.ar.rjjl':' .'l;rmrl-f:'nfar.n'

Oty Employer

CHAIR, DEPARTMENT OF PHARMA-
CEUTICAL SCIENCES. Applcations are invited
at the ASSOCIATE PROFESSOR or PROFES-
SOR level with teaching, research, and service
responsibilities. Suecessful applicants must possess a
Ph.DD. in medicinal chemisry, phammaceunies, phar-
macology, or a closely relaced blomedical science.
Postdoctoral rescarch expenience with a minimum of
five to ten vears of academic experience is required.
A record of continued academic and professional
sccomplishments in rescarch, teaching, and service
must be demonstrated. The Chair is expected to
provide leadership and vision in building the
Deparmment’s rescarch activities and funding o a
nationally recognized level, while fulfilling depart-
mental responsibilinies within the School of Pharma-
cv. E-mail a lerrer of interest and curriculum virae o
the: Committee Chair, John Krstenansky, e-mail:
jkrstenanskyv@llu.edu.

POSTDOCTORAL ASSOCIATE position
available to study the role of extracellular proteins
in pathogencsis of heart failure. The work will focus
on osteopontin and integrin signaling. Highly mo-
pvated individuals (M.D. and/or Ph.D.) with
experience in molecular signaling, cardiac physi-
ology, or cell biology will be preferred. Send curricu-
lum virae to: Dr. Krishna Singh, Department of
Physiology, East Tennessee State University,
P.0. Box 70576, Johnson City, TN 37614-
1708; e-mail: singhm@etsu.edu. Affimuive Adion

Equal Opportimity Employer

POSITIONS OPEMN

NIH POSTDOCTORAL TRAINING
in Molecular Therapy
The Children's Hospital of Philadelphia/
University of Pennsylvania
Narional Heart Lung and Blood Institute Train-
ing Grant, Trining in Molecular Therapeutics for
Pediatric Cardiology, supporting studies of cardio-
vascular disease mechanisms and molecular thera-
pics. Projear ficlds include: cardiae and pulmonary
development, heart vabve disease, regenerative med-
wine, stem oell biology, and pharmacology. Com-
pettive salary and full benefits. Only applicants with
Ph.D>, and Sor M.D. fisle senst be g resndent alici or
UrS citizen statws) should send their curnculum
vitae and the names of three references to:
Robert J. Levy, M.D.

William J. Rashkind Endowed Chair
University of Pennsylvania School of Medicine
Training Program Director
The Children’s Hospital of Philadd phia, 702 ARC
3615 Civic Center Boulevard
Philadelphia, PA 19104
Fax: 215-590-5454
E-mail: levyr@temail.chop.edu

Equal Opprortunity Employer. Minenities /Females / Persons
with Disalilities £ Feterans.

FOSTDOCTORAL POSITION

Mew Mexico Highlands University 15 acceprting
applications for a Postdocroral Position thar is avail-
able as part of a muldvear NIH program carrving our
the synthesis, spectroscopy, and bio-testing of com-
pounds for photodynamic therapy. Successful candi-
dates are likely to have experence with computer
simulations or modeling. Applicants should have a
Ph.Dd. in chemistry, biochemistry, or related ficld.
Starting dare is February 1, 2007, Interested ap-
plicants should submit corriculum vitae, a list of
courses taken, a leeter of interest, and three letters of
reference ;. Mew Mexico Highlands University,
Postdoctoral Fellows Scarch, Academic Affairs,
P.O, Box 9000, Las Vegas, NM 87701, For disabfsd
doss or sy, call telephone; 505-454=-3311 or TDD
FO5=454=3003. Liqual Opportennty Emplayer.

TENURE-TRACK FACULTY POSITION FOR
ANESTABLISHED T CELL IMMUNOLOGIST
Loyola University Chicago
Department of Microbiology and Immunology

Successful applicant wall have an active externally
funded research program, and will develop simergistic
research relationships with existing immunologists in
the Department as well as with immunaologists in the
Oncology Institute, Burn Shock Trauma Institure,
andSor the newly developed Institute for Infectious
Driscases and Immunology.

Submit letters of application, curriculum vitae,
rescarch inverests, and names and addresses of three
references to: Katherine L. Knight, Ph.D., Search
Committee Chair, Department of Microbiology
and Immunology, Loyola University Medical Cen-
ter, 2160 8. First Avenue, Maywood, IL 60153.

POSTDOCTORAL POSITIONS are available
ar the University of Washingron in Scartle to charac-
rerize cellular proteins and genes involved in choles-
rerol transport. Experience in molecular and celhular
biology is required. Send curriculum vitae and let-
ters of recommendation to: D, John F. Oram, De-
partment of Mediane, Box 356426, University
of Washington, Seattle, WA 98115-6426. E-mail:

iuramﬂu.wuhingtm.cd 0.

POSTDOCTORAL POSITION to study vas-
cular routes to the cartilaginous groweh plate during
posmatal bone development, using multiphoton
microscopy. Prior background in live animal imaging
and cell biology helpful bur not essenrial. Send
curnficulum vitae and names of three references o:
Dr. Cornelia Farnum, Department of Biomedical
Sciences, Cornell University, Ithaca, NY 14853,
E-mail: cef2@cornell.edu.

POSITIONS OPEN

BIOMEDICAL ENGINEERING FACULTY
POSITION

Stony Brook University's Department of Biomed-
ical Engincening invites applications for a TENURE-
TRACKASSISTANT or TENURED ASSOCIATE
or FULL PROFESSOR position to begin in the fall
of 2007, Recruitment will be within the broad arcas
of biomedical engineering, with particular emphasis
on the guanttatve imaging ar the mobecular and
eellular levels. The successful candidate is expected
to establish and maintain a competitive, federally
funded, mterdisciplinary rescarch program in bio-
imaging, and to excel in teaching at both the grad-
wate and undergraduate levels. Collaboration with
Brookhaven Nanonal Laboratory’s Medical Depart-
ment, Center for Funcoional Nanomatenals, and /or
the National Synchrotron Light Source 5 cnoour-
aged. For further information, visic website: http://
www.bme.stonybrook.edu., Those interested
should submut a complete application, including
aurriculum vitae, statement of rescarch and reaching
interests, and the names of four references to: Ki
Chon, Ph.D, Bioimaging Search Committee,
Department of Biomedical Engincering, Health
Science Center L18, RO30, Stony Brook Univer-
sity, Stony Brook, NY 11794-8181. Egqual Cpper

rJr.lrrr],'.-'.-!.!'i'fuu.rrrﬁ- Aiiron I:'mIJpFr.r.

ASSISTANT PROFESSOR, BIOLOGICAL
DCEANOGRATHER
The Florida State University

The Depammment of Oceanography is secking
applications for a Ph.D.-level Biological Oceanogra-
pher for a nine-month, wenure-carning, appointment
ar the Assistant Professor level o begin as soon as
August 2007. We are particularly interested in a
person who studies the mwle of zooplankton in
ceological processes. The position involves research,
teaching (primarily at the graduate level), and
service. Please send the PDF files of your leter of
applicaion, curriculum vitae, and contact infor-
muation for three references o e-mail: positdon@
ocean.fsu.edu.

Starting salary is negotiable, dependant upon
qualifications, with a minimum salary of $59,000.

Closing, dare s 1 May 2007, Application review
will begin on 1 June 2007; however, the advertising
and scarch process will remain active until the
position is filled.

The Florida Seate Ulniversiry sibsmibes to eqeal opportunsty
aerd .ilFI?IIIIJ|'< wity e Aimericans uarh Dieallines Aa. AT

ey candidates are dnvted o apply for positfon vocanoies a5
dpiproare, The Flonda Seae r'.lrn'rr_\::r]' i d I"'H" recirads
ageny prrswant to Clapeer 119, Fonida Statures, An Eaqeal
Clppartmnity/Access /A [fimmative Ao Employer

A POSTDOCTORAL POSITION is open to
study the role of the cell cvele and stress kinases in
moxdels of kidney nsufficiency. Collaborations with
the transgenic core laboratory at the Arkansas Can-
cer Research Center will be involved, Candidates
with a background in recombinant technologics
including in vivo mouse work are encouraged to
sendd their curriculum vitae and three references 1o
Peter M. Price, Ph.D., University of Arkansas for
Medical Sciences, VA Medical Center, 4300 West
Tth Street, Mail Route 151VA, Little Rock, AR
72205, E-mail: pricepeterm@uams.edu.
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Believe it 7 48

L¥J:  per reaction.

* Read length up to 900 bases.

* High quality electropherograms.

* Fast turnaround.

* Plasmid and PCR purification available.

Polymorphic exclusively uses ABI 3730XL sequencers.
Data delivered via secure FTIP, email or CD.

$ 2 5 0 No charge for standard sequencing primers.
s 384 sample minimum order.

p er rea cti on ! 96 well plates only—no tubes.

POLYMORPHIC

—— Polymorphic DNA Technologies, Inc=

www.polymorphicdna.com 888.362.0888

info@polymorphicdna.com
1125 Atlantic Ave., Ste. 102 . - S
Alameda, CA 94501 For more information please visit

For research use only. © Polymorphic DNA Technologies, 2005 'WI' umhlcdna.com




THE KEYS TO HIGH PERFORMANCE

Station 4000mm PRO: the newest addition to the industry standard Image

ETTRRSHGI I, SERSSRS | [P P JENURG g
ntroducing the Kobak Imagt

Station line brings precision automation and

ease of use to an entirely new level. The 1S4000mm PRO
features a new automated high-performance 10X zoom lens and computer-controlled 10 excitation and
A emission filter systems, providing reproducible and quantitative imaging of chemiluminescent,
fluorescent, and chromogenic labels in gels, blots, plates and more. With 4-million pixel resclution, >4 QD
dynamic range and optional x-ray and radioisotopic imaging capabilities, the Kopak Image Station

4000mm PRO provides the optimal combination of precision, performance and versatility.

www.kodak.com/go/imagestation5

et Kodak

International +1-203-786-5657 Molecular Imaging Systems
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