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Science

SCIENCE EXPRESS

PHYSICS
BREVIA: Room Temperature Quantum Hall Effect in Graphene
K. 5. Novoselov et al.
The quantum Hall effect, usually seen near 0 degrees kelvin, ocours at room
e miperature within l.II1|T‘_||‘.:' qmnha*se ‘3!1[-{":5_. n '.'."!|1[h thia I:"h'!l'gE Carrigrs
behave as massive relativistic particles.
10.1126/5cience, 1137201

CHEMISTRY

Thermoelectricity in Molecular Junctions

P. Reddy, 5.-Y. Jang, R. Segalman, A. Majumdar

Measuring the induced voltage of organic molecules held between gold contacts at

different temperatures reveals whether holes or electrons carry the current.
10.1126/science. 1137149

CLIMATE CHANGE

An Active Subglacial Water System in West Antarctica Mapped from Space
H. A, Fricker, T. Scambos, R, Bindschadler, L. Padman
Satellite measuremenis reveal that water is ilowing rapidly under the Antarctic
lce Sheet, forming and draining subglacial lakes and impacting assessments
of its stability.
10.112 &fscience. 1136897

NEUROSCIENCE
Human Neuroblasts Migrate to the Olfactory Bulb via a Lateral
Ventricular Extension
M. A Curtis et al.
As in rodents, adult heman neurons born along the fluid-filled ventricles in the brain
migrate to the olfactory bulb along a tubelike extension of the ventricle.

10.112 &f5cience. 1136281

REVIEW

MATERIALS SCIENCE

Applications of Modern Ferroelectrics
J. F Scolt

BREVIA

ECOLOGY

Predation Risk Affects Reproductive Physiology and
Demography of EIk

5. Creel, 0. Christianson, 5. Liley, . A Winnie Jr.
Yellowstone elk have fewer affspring in years in which a predator,

2460

the wol, is more plentiful, demonstrating an indirect cost of

antipredalor responses.

WL sCiencemag.org
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RESEARCH ARTICLE

MNELIROSCIENCE

Pattern Separation in the Dentate Gyrus and CA3 947
of the Hippocampus

J. K LeutgeD, 5. Leutgeb, M.-B. Moser, E. | Mozer

Rats code small changes in their surrounding enviranment by
modifying neural activity in the dentate gyrus and code larger
differences by activating neurons in an adjacent area.

REPORTS

PHYSICS

Experimental Realization of Wheeler's Delayed-Choice
Gedanken Experiment

W Jacques et al.

A realization of Wheeler's delayed choice gedanken experiment
with a single photon affirms the wave-particle duality principle

Q&b

of quantum mechanics,

PHYSICS

Multiple Energy Scales at a Quantum Critical Point
F Gegenwart et al.

Q69

Thermodynamic measurements on "'I"::H'rlz':h!. a heavy fermion metal,
at =0 'l.l:=|virl. reveal the existence of mare than one energy scale and
thus a new class I:_I-[ quanium crtic .d||'|!.". i
MATHEMATICS

Clustering by Passing Messages Between Data Points 972
B. J. Frey and D, Dueck

An algorithm that exchanges messages about the similarity of pairs
of data paints speeds identification of representative examples in a
complex data set, such as genes in DNA data. f
CHEMISTRY

Reversible Concerted Ligand Substitution at
Alternating Metal Sites in an Extended Solid
D. Bradshaw, |. E. Warren, M. J. Rosseinsky
Guest molecules in a porous metal-organic solid can be substituted
reversibly lor water at up to one-third of the metal centers, while the
remaining metal centers provide support.

977
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REPORTS CONTINUED...

GEOLOGY

Magmatic and Crustal Differentiation History of 280
Granitic Rocks from Hi-0 lsotopes in Zircon

A L5 Kemp et al.

Hainium and oxygen isotopes in zircon crystals imply that common
granites form by recycling crustal material in mantle-derived
magmas, nol by remelting deep crustal rocks.

== Perspective p. 951

PLAMETARY SCIENCE

Fracture-Controlled Paleo-Fluid Flow in 983
Candor Chasma, Mars

C H. Qkubo and A. 5. McEwen

Bleaching and cementation is seen in fractures and joints that
crisscross the layered, sulfate-rich rocks of Candor Chasma on Mars,
revealing an ancient hydrologic system.

ANTHROPOLOGY

Starch Fossils and the Domestication and Dispersal 9864
of Chili Peppers (Capsicum spp. L.} in the Americas

L Perry et al,

Microfossils of starch particles show that chili peppers were used

not just as food but to add spice to cuisine by 8000 years ago in

the New World, even before the use of pottery.

== Ppripective p. P46

DEVELOPMENTAL BIOLOGY

Multipotent Dresophila Intestinal Stem Cells Specify 988
Daughter Cell Fates by Differential Notch Signaling

B. Ohlstein and A. Spradiing

Stem cell daughters in the Orosophilo intestine can take on one of
three identities; this choice is controlled by the activation level of a
commaon developmental receptor.

CELL BIOLOGY

Polymerizing Actin Fibers Position Integrins Primed 992
to Probe for Adhesion Sites

C. G. Golbraith, K. M. Yamada, j. A Galbraith

In motile cells, actin fibers form integrin-covered protrusions that are
poised to interact with surfaces in the cell’s search for adhesion sites.

NEUROSCIENCE

Maplike Representation of Celestial E-Vector 995
Orientations in the Brain of an Insect

5. Heinze and U. Homberg

The arientation of polarized light is represented as a columnar map
inthe locust brain, which may help to orent the insect under the
open sky.

CONTENTS

GEMETICS

The Calyptogena magnifica Chemoautotrophic 998
Symbiont Genome

1. L. G. Newton et al,

A chemoautotrophic symbiont of the giant clam found in
hydrothermal vents has a complex metabolic reperioire and

can provide its host with most nutritional needs.

MICROBIOLOGY

The Phosphothreonine Lyase Activity of a Bacterial 1000
Type Il Effector Family

M. Lietal

A family of virulence factors in bacteria removes a phosphate from a

key signaling enzyme in its infected host and thereby interferes with

the host's innate immunity.

MICROBIOLOGY

Archaeal Type |Il RuBisCOs Function in a Pathway 1003
for AMP Metabolism

T. Sato, H. Atomi, T. Imanoka

In nonphotosynthetic Archaea, the enzyme RuBis{0O does not I'i:l'[ﬂi,

as it does in plants; instead it salvages adenosine and diverts ribulose
into the central metabolism.

MEDICINE

Cadherin-11 in Synovial Lining Formation and 1004
Pathology in Arthritis

D .M. Lleeetal.

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.

== Perspective p. 952
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Light exits the new organic LED.

SCIENCENOW

WWW_SCIENCENOW. 0 g

The Chimpanzee Stone Age
Wew find suggests chimps have used stone tools for
thousands of years.

Taking Stock of Trees
Bank grant makes possible worldwide comparison of
forest dynamics.

Truly Tubular TV
Improved organic LEDs might lead to roll-up video
SCreens.

The blossoming of kinase inhibitar research.

SCIENCE'SSTKE

www.stke.org

PERSPECTIVE: Meeting Report—Targeting the Kinome,
20 Years of Tyrosine Kinase Inhibitor Research in Basel
L. Bozulic, B J. Morin, T. Hunter, B. A. Hermmings

Scientists explore the past, present, and future of protein kinase
research in Light of cancer therapy development.

EVENTS

Search or browse this updated list of sgnaling-related meetings
and conferences.

O N LN

www.sciencemag.org

Do your homework before accepting an offer.

SCIENCE CAREERS

WWWLBLIENCECareers.ong

US: Tooling Up—Employment Due Diligence

D, Jersen

Anyone who accepts a job offer without doing a background
investigation i taking a serous risk.

US: Opportunities—A Day in the Life

P Fiske

An unlikely entrepreneur sniffs oul a new opportunity.

GLOBAL: Mastering Your Ph.D.—Dealing With Setbacks

F. Gosling and B. Noordom

Get tips on how to pick yourself up, brush yourself off, and move on.

Separate individual or institutionol subscriptions to these products may be required for full-text access.
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Delayed Choice for
Quantum Mechanics

Wave-particle duality is at the heart of guantum
mechanics. Particles and photons can display both
properties, and which property is measured
depends an the type of measurement made. What
if the experimental setup changes when the pho-
ton or particle is “in flight” and has already
entered the expenmental apparatus? Jacques et
al. (p. 966) report an almost ideal realization of
such a “"delayed choice” experiment as formulated
by Whealer, A triggered single-photon source pro-
vides a mechanism for precise timing of the
experiment within laboratory conditions, The
behavior of the photon in the interferomeler
depends an the choice of the observable that is
measured, even if that choice is made when the
photon is already in the system.

Water Marks

Water may have once flowed on the surface of
Mars when it was warm and wet. Today, however,
all that remain are mineral deposits, including
sulfates and clays. Okubo and McEwen (p. 983;
see the cover) show in very detailed images from
the Mars Reconnaissance Orbiter that water once
flowed along fractures that crossed the layered
deposits in western Candor Chasma, Geochemi-
cal bleaching and cementation are seen in the
fracture zones that are similar to water-related
processes on Earth,

Finding a Good Example

Complex data sets can be more readily analyzed
il representative examples can be identified.
Such “exemplars” might be points around which
data will cluster, archetypal faces ameng a
gallery of actual photos, or possible exons in a

www sciencemag.org SCIENCE VOL 315

gene sequence, Unfortunately, extracting exem-
plars is computationally intensive, and conven-
tional technigues only work well with numencal
measures of data-point similarity and if the ini-

tial guess is close. Frey and Dueck (p. 972, pub-

lished online 11 January; see the Perspective by
Mézard) now report a method that enables
much faster exemplar detection, The algorithm
works by having the
data points
exchange "mes-
sages” that com-
municate whether a
particular point
could be an exem-
plar; iteration of
the message-passing process allows dramatically
faster processing as certain data points emerge
as truly representative,

Guests Move in
When It's Hot

Microporous metal-organic extended arrays
can absorb guest molecules at specific sites,
and Bradshaw et al. (p. 977} show that
water molecules in a Co extended array,

[Co bipy),(50,),(H,0),], can undergo substi
tution reactions with sorbed methanol and
bipyridine molecules upon heating in a dry
inert atmosphere. Hydrogen-bonding interac-
tions place two bipyridines or two methanols
near alternating Co atoms along linear chains
within the solid. When these molecules dis-
place the water ligands, the chains adopt a
zigzag geometry. Other Co sites are spectators
that help maintain the framework while this
reaction proceeds. The reaction can be
reversed by rehydrating the crystal at room
lemperature.

YRR
ol MERC R

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

<< Routes of Chili Pepper

Domestication

A wide variety of chili peppers were cultivated and
used in cooking throughout the New World.
Perry et al. (p. 986; see the Perspective by
Knapp) identified a starch from chili peppers on
ancient pottery and stone tools that is diagnostic
of groups of chili species. The starches were found
at various archaeological sites, including from about
6500 years ago in Ecuador, and suggest multiple
domesticated chili species by about 4000 years ago.

s s ¥ *
Unpeeling Granite s History
Large granite bodies may have formed within
Earth's crust by intrusion of new magma or by
remelting of igneous varieties of crustal rocks,
The evolutionary history of granites can be
revealed by examining the chemistry of succes-
sive layers of its large constituent crystals,
notably zircon. Kemp et al. (p. 980; see the Per-
spective by Eiler) have meas-
ured halnium and oxygen iso
topes in zoned zircon crystals
from the classic granites of
easlern Australia. They found
that these granites formed by
the recycling of deep crustal
rocks as mantle magma rose
through them, rather than by remelting ancient,
shallower erust, as was widely believed.

Hippocampal Dualism

The formation of discrete representations in
memaory has been hypothesized to reflect
neuronal pattern separation at the early
stages of the hippocampal formation, but
both location and mechanisms of the process
have remained elusive. Lentgeb et al. (p. 961;
see the Perspective by Fenton) show that the
hippocampus has at least two mechanisms for
pattern separation associated with different
parts of the hippocampal circuit. In the den-
tate gyrus, signals are separated by high-
fidelity decorrelation of coactivity patterns
within a subset of active cells. In CA3, further
separation is achieved by activation of non-
overlapping neuronal subpopulations. The
two mechanisms of pattern separation, asso-
ciated with different parts of the circuitry,
support distinct forms of ensemble represen-
tation in the hippocampus.

146 FEBRUARY 2007
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This Week in Science

Continued frem page 909

And Then There Were Three

During development, stem cells usually generate two daughter cells that go on to differentiate as well
as another stem cell. Ohlstein and Spradling (p. 988) now describe one type of stem cell in the
Drosophila intestine that produces three offspring fates—a stem cell, an enterocyte, and an entero-
endocrine cell. The choice in fate seems to depend on the amount of the protein Delta (a membrane
bound signaling ligand that can activate the signaling receptor Notch) that is expressed in the stem
cell at the time of cell division. Daughter cells with high amounts of Delta-Nolch signaling become
enterocyles, those with lower amounts become enteroendocrine cells, and those with the least amount
retain the stem cell fate.

Sticky Fingers

As animal cells migrate across a surface, they send out
processes known as filopodia that explore the substratum,
Galbraith et al. (p. 992) now find that the intracellular actin
network directs very local protrusions that contain clusters af
cell surface-adhesion molecules at their tips that are primed to
interact with molecules of the extracellular matrix. These
“sticky fingers” at the leading edge of motile cells appear Lo
search for suitable sites of adhesion that can then be used to
help move the rest of the cell.

Locust Navigation

The plane of polarization of sunlight depends on the Sun’s position, and a variety of insects use polar
ization patterns to guide spatial orientation. Heinze and Homberg (p. 995) show that the orienta-
tions of electric field vectors of linearly polarized light (E-vectors), presented from above the animal,
are represented as a topographical map in the columns of the central complex in the locust brain. The
central complex acts as an internal compass that uses the polarization pattern of the blue sky to code
spatial directions relevant to animal orientation.

Lethal Injection

Pathogenic bacteria can inject into host cells virulence factors via the so-called type 1l machinery.
Li et al. (p. 1000} describe a family of bacterial virulence factors that have a previously unknown
phosphothreonine lyase activity that can remove the phosphate from signaling mitogen-activated
protein kinase family members involved in innate immunity. This family of effectors is important in
the virulence of a variety of animal and plant bacterial pathogens, including Shigella, Satmonella,
and Pseudomonas syringoe,

A RuBisCo with No Taste for C*IJ2

In photosynthetic organisms, RuBisCo (ribulase-1,5-bisphosphale carborylase-oxygenase) lixes CO,
through the “dark reaction” to make organic compounds such as sucrose, but one type of RuBisCo,
found in nonphotosynthetic anaerobic archaeon, does not. Sate et al. (p. 1003} found that type Il
RuBisCo, acting solely as a carboxylase, in combination with newly revealed archaeal nucleoside
phosphorylase and ribose-1,5-bisphosphate isomerase functions, converts CO,, waler, and adenosine
5 -monophosphate into 3-phosphoglycerate, which feeds ribose into carbon metabolism, salvages
adenine, and generates ATP.

Joint Effort

Rheumatoid arthritis (RA) is an autoimmune condition that leads to joint inflammation. Lee et al.
(p. 1006, published online 25 January; see the Perspective by Firestein) identify a new regulator
of the cellular organization of the synovium that might also provide a potential therapeutic target
for inflammatory arthritis. Mice lacking the cell adhesion molecule cadherin 11 showed signifi
cantly reduced growth of the synovium and were resistant to the development of an experimentally
induced RA-like condition. Joint inflammation in mice could be inhibited with a monoclonal anti-
body to cadherin-11.

www.sciencemag.org  SCIENCE VOL 315 16 FEBRUARY 2007
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Sustainable Well-Being

ECONOMIC PROGRESS ACHIEVED SINCE THE ADVENT OF INDUSTRIALIZATION HAS RESULTED
largely from advances in science and technology (S&T). Yet even as society beneflits from S&T
through chotees that we have come to take for granted, decisions on its future are mereasingly
being questioned and serutinized. The current path of economic growth deviates from the

objectives of sustainable development. It is not only society at large, spearheaded by leaders of

public opinion, that is expressing concerns, but also the scientific community itsell. which is
looking for ways o promote the sustainable well-being of all humanity.

This microscopic analysis of science and its applications emanates from several valid concerns:
the role of science in the development and extensive use of lethal weapons: the continuing
existence of widespread poverty, with over a billion people in the world remaiming virtally
untouched by the benelits of modern S&T: and the threat of serious environmental extemalities
from unprecedented levels of production and consumption of goods and services.

A meaningful discussion of S&T solutions to contain war, terrorism, and heinous crime
cannot be meluded i this limited space. but the other two 1ssues deserve
elaboration. The distinguished economist Kenneth Boulding, a rare
mntellectual farahead ofhis time, pointed out that two centuries earlier, the
difference in average income between the poorest country in the world
and the most prosperous was no more than 1:5. When he expressed this
concern 30 years ago, he estimated it as being 1:50. Income and wealth
disparities are even sharper woday, Despite astounding progress globally,
the S&ET gap between rich and poor nations is ironically wider now. If this
growing chasm is not bridged, fissiparous tendencies will inhibitand even
reverse prospects for enhancing human welfare, Unfortunately, the global
community has failed o bring technological opportunities and skills wo
underprivileged and mpoverished commuomities acress the globe.

The challenge of widespread worldwide poverty has typically been
addressed through doles and handouts as convenient but largely ineffective
palliatives. Seldom have programs in this area created avenues for applying modern S&T to
develop local skills and capacity, which alone can generate meome and employment on a
sustainable basis. A program being spearheaded by The Energy and Resources Institute
embaodies technological innovation in the allied fields of agriculture, energy, natural
resource management, and information technology in partnership with local entrepreneurs
for the sustainable well-bemg of rural communities in Asia and Afnea. This approach, called
Integrating New and Sustainable Technologies for Elimination of Poverty, meets a challenge
that could become insurmountable if ignored any longer. Creating opportunities for the
productive application of 8&T by the most dispossessed communities of the world is a task
that scientists and policymakers must embrace with urgency.

Among the negative externalities created by human activities, the cumulative emissions of

areenhouse gases have had by far the most serious consequence in the form of global climate
change. Cuts in enussions of these gases require technological initiatives o stabilize the
concentration of greenhouse gases. Because the impacts of climate change will continue for
centuries, adaptation measures will also require the timely application of S&T. However,
these will not take place in a policy vacuum, Regulatory and fiscal measures will have to be
put in place by governments, facilitated if necessary by multilateral agreements to trigger the
development and application of appropriate technological solutions,

The agenda for the global scientific community 15 very clear. We must recognize and
evaluate the most critical impediments to the sustainable welfare of human society, including
various threats o human hife and global peace, disruptions in the dehicate balance of Earth’s
natural systems. and the growing gap between rich and poor. These three sets of conditions are
intimately interlinked, requiring a coordinatped approach to solve them, Scientists must work
with decision-makers to devise rational policy measures that mobilize desirable responses in
the form of development and deployment of suitable S&T solutions in these areas.

- R. K. Pachauri

10.1126/schence. 1140975
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BIOCHEMISTRY

Squaring a Cube

The detection of environmental changes is of paramount importance for
microbes, and a host of mechanisms have evolved in which signal detection is
coupled to an amplification step in order to increase sensitivity and to reduce
response time, The bacterial regulator of fumarate and nitrate reduction (FNR)
regulates the transcription of more than 100 genes in response to the transition
from anaerobic to aerobic growth; molecular oxygen triggers a conversion of its [4Fe-

45]%* cluster into a [2Fe-25]*" cluster, leading to conformational changes in FNR and

dissociation from DNA,

Crack et al. report that this reaction not only detects dioxy-
gen, but actually uses it to amplify the signal, consuming some
in doing so. The first step in signal detection is a one-electron
oxidation of the [4Fe-45]%* cluster that transforms it into a [3Fe-
45]%* cluster, and a kinetic analysis confirmed the oxygen-
dependent coincident loss of the [4Fe-45] cluster and the
appearance of the ejected Fe?* and the superoxide anion (0,™=).
The second step is about 10 times slower, and a second Fe
departs (as Fe®*) in the conversion of the [3Fe-45]'* cluster into
a [2Fe-25]%* cluster. Superoxide is known to undergo dismuta-
tion into oxygen and hydrogen peroxide, which can itsell dismu-
tate into oxygen and water. In sum, one O, molecule can trigger
the disassembly of four [4Fe-45] clusters, — G)C

[4Fe-4S)2*

A model of FNR, with its DNA binding domain at
the top and the iron (red)=sulfur (yellow) cluster at

the bottom.

Froc. No#l, Aced. Sci, US.A. 104, 2092 (2007).

GENETICS
Recognizing Oneself

Self-incompatibility, a plant’s rejection of pollen
from itsell or a closely related individual, pre

vents inbreeding, which can lead to a loss of het-

erozygosity and deleterious combinations of
recessive alleles, Arabidopsis has become sell-
compatible, whereas several closely related
species, including Brassica, remain self-incom-
patible. Both the $-locus receptor kinase (S5RK)

and the S-locus protein 11 (SP11/SCR) are impli-

cated in the phenomenon.

Shimosato et al. have investigated the inter
aclion between SP11 and S5RK in Brassica. Two
proteins of 60 and 100 kD were previously
shown to bind to 5P11; both are forms of SREK,
with the smaller one being a truncated, though
still membrane-bound, form of the full-length
protein. The latter binds to SP11 with high
affinity whereas the former does not, suggest-
ing that they may function differently. Sher
man-Broyles ef al. have investigated the main-
tenance and degradation of the SRK and SCR
genes. They found that in comparison to the
fully sequenced Arabidopsis Columbia-0 acces-
sion, both genes in the C24 accession have

undergone extensive rearrangement and signif-

icant parts of the SCR gene have been deleled,
possibly through the insertion and deletion of

transposable elements. These dilferences in the
% locus region suggest that these genes have
followed different trajectories after the loss of
self-incompatibility. — LMZ
Plant Cell 19, 10.1105/1pc. 105.0388469:
10.1105tpe. 106048199 (2007).

CELL BIOLOGY

Life Without Amyloid

The amyloid precursor protein (APFY is a trans
membrane protein that has been linked to
some forms of familial Alzheimer’s disease, but
the normal function of the protein is a mystery.
The nematode worm Caenorhabditis elegans
possesses a single APP-related gene, termed
api-1. Hornsten ef al. have examined the role
of apl-1, which is expressed in a variety of tis
sues, including newrons. Worms with a dis-
rupted apl-1 gene died as larvae, exhibiting
defects in molting, locomation, and morpho-
genesis. These mutants could be rescued by the

apl-1 is expressed in a variety of tissues (green).

expression of the soluble extracellular domain
of APL-1 protein in neurons. In addition, over-
expressing the APL-1 protein in a wild-type
background was detrimental; this effect could
be mitigated by reducing the levels of SEL-12,
which is a . elegans homolog of presenilin, an
enzyme that cleaves APP in humans. Thus, it
appears that APL-1 performs an essential func-
tion during development in the nervous system.
Interfering with APP expression or modifica
tions in patients may therefore have unin
tended and unexpected conseguences. — SMH
Proc. Nall. Acod. Sci. U.5.4. 104, 1971 (2007).

ATMOSPHERIC SCIENCE

Wind, Rain, and Aerosols

Theory suggests that a rising concentration of
aerosols should reduce wind speeds below, due
mainly to the increase in atmospheric stability
that such loading would cause. Consequences
range from decreased evaporation and rainfall to
a multitude of secondary impacts, such as reduced
availability of wind energy for the generation of
electricity and decreased hydroelectric potential.
Jacobson and Kaufman use a three-dimensional
computer model and satellite data to examine the
potential effects of aerosol particles on the distri-
bution of wind speeds and the resulting feedbacks
to precipitation, water supply, and wind energy
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across California. They find that pollution by
aerosols may be decreasing local winds by up lo ~
8% and, together with the second indirect aerosol
effect, may be reducing precipitation by 2 to 5%.
These effects have obvious and unwelcome practi
cal consequences, but they also raise the hopeful
paossibility that by limiting or reducing aerosol
pollution, California can lessen future strains on
its water supply and wind/hydroelectric power-
generation systems, — H]5

Geophys. Res, Lelr. 33, 124814 (2006).

MATERIALS SCIENCE
Inserted in Isolation

Microcontact printing {pCP) with elastomeric
stamps can be used to pattern self-assembled
monolayers (SAMs) on surfaces, but it can also
be useful to create mixed SAMs in
which one of the molecules is
diluted within the other layer.
Mullen et af. show that more
diffusive molecules, which
are often difficult to pat-
tern with p.CP, can be
inserted into more
stable SAMs by a
method they term
microcontact

¢ : ) Large and small MUDA
nsertion printing blocks patterned sequen-
{(pCIP}. An existing  tially on gold.

SAM (in this case,
1-actanethiolate assembled an goald) is con
tacted in a subsequent pCP step with a second
moleculs, either 11-mercaptoundecanoic acid
{(MUDA} or 1-dodecanethiolate.

The extent of insertion, which occurs prefer
entially at defect sites, can be controlled by
changing the contact time and concentration

Responses

EDITORS'CHOICE

of molecules on the stamp, and more complex
patterns can be created with additional rounds
of pCIP. — PDS

Appl, Phys. Lett, 90, 10.1063/1.2457525 (2007).

CHEMISTRY
A Silver Solution

Despite widespread effarts toward development
of printable semiconductors for large-area, flexi
ble electronics media, far less attention has been
given to the printable conducting material
required for the wining and connections within
such devices. Both gold and silver possess high
conductivity and operational stability, but pre-
cise patterning with these metals typically
requires vacuum deposition. Wu ef al. have
devised a simple solution-based process for pat-
terning conductive silver
features on a substrate,
Using coating, stamping, or
printing technigues, they
deposit an alcohol solution con
taining a silver(l) salt, a hydrox
yalkylamine, and a leng-chain car
bowylic acid, Subsequent heating at rel-
atively low temperature (150°C) forms the
conducting silver elements. The amine func
tions as a gentle reducing agent, with sufficient
volatility to evaporate easily afterward, Achiev-
ing high conductivity requires acid additives
wilh decyl or longer alkyl tails, which foster the
growth of films without discernible grain bound-
aries. The method was applied to labrication of a
layered thin-film transistor device, in which the
silver showed conductivily comparable to that of
more costly vacuum-processed gold. — MSL
I Am. Chem. Soe. 129, 10.102 1/ja06759 6w
(2007).

<< Microregulating Inflammatory

Inflammatory responses help protect against infection, bul these signal-
ing pathways may also contribute to some diseases. O'Connell et al.
www,s‘[ke_urg have investigated the fate of microRNAs (miRNAs) during viral infec-
tion. They monitored the expression of 200 miRNAs in response to
polyriboinosinic polyribocytidylic acid [poly(1:C)], a synthetic double-stranded RNA that is used to
mimic viral infection, or to the antiviral cytokine interferon-[ (IFN-B). One such miRNA, miR-155,
showed increased expression in macrophages in response to both stimuli. The response to poly{l:C}
required upstream signaling via Toll receptors and the MyD88 or TRIF adaptor proteins. |nterferons,
on the other hand, stimulated expression of miR-155 through a slower pathway that required
autocrine signals mediated by umor necrosis factor-ct. The two pathways were shawn Lo converge
onto the INK mitogen-activated protein kinase as a INK inhibitor blocked both miR-155 responses,
Because the gene encoding miR-155 is a site where avian retroviruses integrate, and miR-155 over-
expression can cause B cell lymphoma in mice, the finding of miR-155 as a target of pathways
activated by viral infection presents a link between inflammatory responses and cancer. — LBR
Proc. Nafl. Acad, Sci. U5.A 104, 1604 (2007).
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g
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Dr. Chris Carpenter. Visit the
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legendary Kashgar, ey
and see the Karakoram -
anl Hunza. F
53,895 ¢ airt

-

Call for trip brochures &
the Expedition Calendar

(800)252-4910
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SOCCER MAN ON DISPLAY

The Musée de I'Homme in Paris has recruited a superstar. A new exhibition on the history of
humankind opening this week will feature a cast of the skull of world-famous soccer player Lilian
Thuram. His cranium—reproduced using a magnetic resonance imaging scanner in January-
will be in the company of two other Frenchmen: 17th century philosopher René Descarles and a
well-preserved 30,000-year-old male Cro-Magnon fossil on display for the first time,

The museum wanted a living person’s skull in the exhibit. It picked Thuram, a campaigner
against racism and social injustice, as a symbol of the unity of humankind. Thuram, in an interview
in the February issue of Sciences et Avenir, says the exhibit “shows we're all from the same family.”

The choice is also a comment on the museum’s own history, says archaeologist Mathan
Schlanger of the National Institute for Research in Preventive Archaeology in Paris. The

Cro-Magnon,
(above)
Descartes,
Thuram.

Watch That Passwd

What shouldn't you use as a computer pass
word? Engineer Michel Cukier and colleagues at
the University of Maryland, College Park,
sought to “build a profile of attacker behavior”
by monitoring four Linux computers connected
to the Internel. Over 24 days, there were

Musée de 'Homme long har
bored the remains of Saartjie
Baartman, an early 19th cen-
tury Khoisan woman from
South Africa known as the “the
Hottentot Venus® who was
taken around Europe as a
curiosity and whose skeleton,
genitals, and brain were on
display in the museum after
she died. She was returned
to South Africa in 2002.
“Saartjie came in through a
racist, colonial context, as a
passive object on display,” says
Schlanger. “Thuram is a mod
ern Frenchman who happens
to be black and who affirms
himselfl as an equal.”

269,262 hacker altempls.

"Root” was by far the most common
attempted username, tried in mare than
12% of the attempts, Next came “admin,”
“test,” "guest,” "info,” “adm,” "mysql,” “user,”
“administrator,” and “oracle.” Attempted pass
words were even more banal. In addition to
trying the username, most went with serial
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digits such as "1234" or with "password,”
“passwd,” or “test.”

Cukier says the work should help security
administrators combat mass automated assaults,
the most commaon type of hacking.

Way Back
Weather

Three funnels dangle from a railing
storm clowd in the earliest known tomado photo-
graph (below). Snapped in 1884 near Howard,
South Dakota, the scene is one of several hun
dred vintage images on display at this gallery
from the U.S. National Weather Service,

The illustrations and photos date from the
early 1800s to the 1990s, recording the
effects of floods, hurricanes, blizzards, and
other types of extreme weather. Visitors can
relive the dust storms that swept the Great
Plains in the 1930s and view some of the dam
age from Hurricane Camille, which swamped
the Gulf Coast 36 years before Katrina. The
gallery also records advances in weather-
observing technology and holds what might be
the oldest existing radar images of a weather
event, which show a cold front blowing toward
Boston in 1943, ==

www. photalib.noaa.govhistoric/nwsfindex. himl

Seed Bank Blueprints Unveiled

A "Doomsday” seed vaull, designed to preserve the world's agricultural
diversity, will be built to survive the worst scenarios of global warming for
at least 2 centuries, according to architectural plans released last week. The
54.8 million Svalbard Global Seed Vault will be located on a Norwegian
island just 1000 kilometers from the North Pole (Science, 23 June 2006,
p. 1730). The plans call for two chambers dug deep into a mountainside
130 meters above sea level—more than high enough to stay dry even if all
the ice in Greenland and Antarctica melts. The chambers will be connected
to the outside via a 120-meter-long tunnel.

*This design takes us one step closer to guaranteeing the safety of the
world's most important natural resource,” says Cary Fowler of the Global
Crop Diversity Trust, which will help fund the operation and coordinate
the acquisition of seeds. Construction should begin next month and be
finished by September. The architects designed an entrance with lighting
so that it will “gleam like a gem in the midnight sun.”

WWW.SCIencemag.org
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<< In the Courts

SENTENCED. Scores of letters pleading for
leniency did not stop a Los Angeles judge
this month from sentencing the pioneering
gene-therapy researcher W. French Anderson
to 14 years in prison. Anderson was con-
victed last summer of molesting a young
girl (Science, 28 July 2006, p. 437). "Itis a
tragedy for everyone,” says Laurence Kedes,
director of the Institute for Genetic Medicine
at the University of Southern California in

Los Angeles, where Anderson worked until he resigned last September. Anderson's lawyer told
the court the 70-year-old will need to be kept apart from other prisoners, making this, as
Kedes says, the equivalent of a “life sentence” in solitary confinement.

AWARDS

MAHIDOL PRIZE. Sometimes the simplest
solution is also the most effective. Four
decades ago, researchers discovered that
aral rehydration therapy (ORT), a misture of
glucose, salts, and water, could prevent
patients from succumbing to cholera and
other diarrheal diseases. The low-tech break-
through saves more than 1 million lives each
year, primarily in developing countries.

At a ceremony in Bangkok's Royal Palace on
31 January, King Bhumibol Adulyadej of
Thailand bestowed the Prince Mahidol Award
on four physician-scientists who played key
roles in ORT's development: Stanley Schultz,
David Malin, and Richard Cash of the United
States and Dilip Mahalanabis of India.

The award is named after King
Bhumibol's father, Prince Mahidol of
Songkla, a Harvard-trained physician who
is known as the “Father of Public Health”
in Thailand. Schultz took hame $50,000 for
the medicine prize; the others shared
550,000 for the public health prize. During
a private audience, King Bhumibol quizzed
the awardees on topics such as stemming
s0il erosion to reduce the severity of

: seasonal flooding. "His Majesty knows his

science,” Cash says,

FAISAL PRIZES. A British chemist, a
Canadian endocrinologist, and a U.S. urolo-
gist are among the winners of this year’s
5200,000 King Faisal International Prizes,
awarded by the King Faisal Foundation of
Saudi Arabia. U.K.-born James Stoddart of
the University of California, Los Angeles,
receives the science prize for his work on
the self-assembly of molecular structures,

a cornerstone of nanoscience. The medicine

Gol a tip for this page? E-mail people@aaas.org
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prize is shared by Fernand Labrie of

Laval University in Quebec City, Canada,
and Patrick Walsh of Johns Hopkins
University School of Medicine in Baltimore,
Maryland, for improving the management
of prostate cancer using therapeutic and
surgical approaches. 1slamic scholar Roshdi
Rashed, a former researcher at France's
National Center for Scientific Research,

is being honored for studies on Muslims'
contributions to basic science, particularly
mathematics and optics,
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MOVERS

CRI5IS MANAGEMENT. The Global Fund to
Fight AIDS, Tuberculosis, and Malaria has a new
guardian. Michel Kazatchkine, an HIWAIDS
immunologist who is currently France's ambas-
sador for HIWAIDS and communicable diseases,
will become director
of the 57 billion [
organization based in
Geneva, Switzerland,
on 31 March.

The fund’s out-
gaoing director, British
public health expert
Richard Feachem,
has been dealing with
allegations that money
was misspent on luxu-
ries. But observers are optimistic that
Kazatchkine can steer the organization into
smoother waters. "Kazatchkine is not only an
extremely accomplished AIDS physician with
20 years of experience, but he successfully ran
[the French national agency for AIDS research],
one of the largest AIDS arganizations in the
world,” says lain Simpson, spokespersan for
the Warld Health Organization.

Money Matters

TO HIS CREDIT. T. Denny Sanford. a South
Dakota businessman who made a fortune
in the eredit card indusiry, is donating
5400 million to create a world-class
health care system and research center in
Sioux Falls, South Dakota. And he wants
researchers to choose a single area that
will receive a significant chunk of the
gift. The project is expected to employ
more than 100 researchers. and Sanford
hopes it will “come up with a cure™ in the
chosen area.

This isn't Sanford s first foray into sci-
entific philanthropy: Last year, he prom-
1sed to give South Dakota 70 million
toward an underground lab if the National
Science Foundation chose its site in an
upcoming competition. Hospital officials
hope his latest act of generosity, which
prompted the Sioux Valley Hospitals and
Health system to change its name to
Sanford Health, will transform the center
into a national hub of medical research
and patient care.,
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MIT Hunger Strike:

debate

Sour Grapes,

Or the Bitter Taste of Racism?

James Sherley. an African-American stem
cell researcher an the Massachusetts Institute
of Technology (MIT) in Cambridge, began a
hunger strike last week o protest the schools
denial of his bid tor tenure. Claming that
racism plaved a pant in his rejection. Sherley
vows to maintain a daily presence outside the
provost’s oftiwce untill MIT “admits™ s bras
and grants him tenure. His protest
has divided the faculty and shimed
aspotlight on the dearth of tenured
Adrican-Amencan scientists at the
nation’s elite research instiutions,

Sherley, an associate professor,
would have been the first enured
Adnean Amencan m the 41-person
biological engineering depart-
ment on a campus where 4% of
the tenured faculty are under-
represented ethnie minorities.
Despite winning a $2.5 million
Dirvector’s Pioneer Award from the
Mational Institutes of Health for
work onexpanding lines of human
adult stem cells, Sherley’s request
for tenure was denied in January
20035, Two nternal reviews didn’t
change the decision. Sherley’s list
ol complaints includes the allega-
tiom that he was given less laboratory space
than other colleagues and that the department
chair asked his wife—a departmental col-
league who often clashed with Sherley—to
weligh in on the tenure decision. He also
believes that some of the hostility from his
colleagues is fueled by his opposition to
human embryonic stem cell research.,

“This 15 about ending the imjustice that
many African-American scientists before me
have endured n sillence.” says Sherley. who
has vowed 1o drink only water and take vita-
mins and electrolyte supplements, “We're
destroving careers, throwing talent away. 1t's
not right, i not smart, and Uve decided 1o do
something about it,” A day after Sherley
began his stnke, |1 professors including lin-
guist Noam Chomsky circulated a leuer
dem: mding a review of the grievance process

14 FEBRUARY 2007

by a committee “composed of members from
inside and outside MIT

At the same time, some 20 department
members have signed a statement contesting
Sherley’s allegations, “Was this absolutely
the most perfect tenure review™? 1 don’t think
there is such a thing.”
Claude Camzares, whose office asked a

.‘1.;!} 5 .;!.w:ﬂu.‘i:l[\,' :‘rl'u". (RS

Public protest. James Sherley begins each morming outside the
office befare returning to his lab in the afternoons.

ll'll'l.’ﬂ.'—]‘lﬂl'hlrl‘l commillee (o réexamine the
tenure review. “But there was every attempt
made to conduct the review with absolute
fairness and integrity,”

Sherley says he hopes his protest will hit
the school “like a nuclear explosion”™ and force
it to examine the question of imstitutional
racism. Three days before he began his strike,
MIT President Susan Hockhield announeed
“a comprehensive, ngorous, and systematic
study of the impact of race on the hinng,
advancement, and experience of minority
faculty at the Institute.” Canizares says the

study “takels] advantage, in an ironic way, of

the opportunity for discussion™ created by
Sherlev's dramatic step. “It has energized
people on campus to talk about the 1ssue”
Sherley’s hunger strike has also elicited
support from two former MIT researchers,

VOL 315 SCIENCE

MIT provost’s

Marburger on
the budget

both Adrican Americans, who say they encoun-
tered an adverse climate at the school.
of my experiences during that time undercut
my status and represent the kind of racism
that ... Sherley is opposing
Sanders, an assistant professor of biology
between 1997 and 2001, ina 7 February letter
circulating among MIT faculty. In one case,
she savs. a senior white professor wld her that
she had violated rules by bringing students into
the faculty lunchroom. (There is no such rule.)

Sanders’s letter also cited the reaction ot a
white colleague alter returning from a neuro-
science meeting, “There were 10,000 neuro-
sclentists there, and the only black people |
saw were the waiters. Why is
that”™ he asked her dunng an ele-
vator ride. When she responded
by asking him, “Why are there so
few African Americans at MIT?™™
he replied: “Anyone can be a

Rome

2 wrote Sylvia

neuroscientist, but this s
MIT!” Sanders now teaches third
arade at a public school in Palo
Alto, California,

A second scientist, now a
tenured professor of chemistry at
the University of Hlinois. Urbana-
Champaign, believes that his fail-

ure o win tenure at MIT wasn™t

his contribution o science and the
profession, “Judgments are con-
stantly being made whether yvou
are aware of them or not. and your
ihiosyneracies stand out much
more if vou are black than if vou are white.”
says Philip Phillips, an African American
who spent 10 years at MIT's chemistry
department. Phillips says he doesn’t know
“what happened behind closed doors™ during
his tenure review in 1991, “But | was told
later that, for at least one faculty member
invoelved in the decision, the fact that | wore
baggy pants was an 1ssue.”

Sherley, whose appointment ends 30 June,
hopes that hes protest. begun 5 February, wall
force the university o confront such antides,
Sherley says he's lost 14 pounds since begin-
ning his regimen of spending every morning
outside the provosts office before returning
e his lab in the afiernoon. He promises 1o
continue the routing indefinitely. “Something
has got to change at MIT,” he says.

-YUDHI)IT BHATTACHAR]EE
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RESEARCH INTEGRITY

Bubble Fusion Researcher Cleared of
Misconduct Charges, but Doubts Linger

Purdue University ofTicials last
week declared that an internal
inguiry has cleared bubble-fusion
researcher Rusi Talevarkhan of
allegations of research miscon-
duct. The announcement appears
to bring toan end a nearly yearlong
row that has split the university,
But with scientfic claims and
counterclaims stll ricocheting
around the community. the baule
over tabletop bubble fusion shows
no sign of dying down,

1 feel vindicated and exoner-
ated” Talevarkhan says, “Tt's been a
pressure cooker for about a year”
Taleyarkhan 1s the chief proponent
of sonofusion, the controversial
idea that sound waves can collapse
bubbles in a way that yields energy
through nuclear fusion. If true, the
fesearch holds out the promise of a
clean, limitless energy source,
Taleyarkhan's purpoerted evidence
for sonofusion drew scientific
skepticism trom the start {Seience, ® March
2002, p. 1808), and early independent efforts
failed to reproduce his results, including one n
2002 by his former colleagues at Oak Ridge
Manonal Laboratory in Tennessee.

Last vear. an article in Naire stoked the
controversy when it reported that several of
Talevarkhan's colleagues at Purdue in West
Lafavette, Indiana, where he moved full-time
in 2004, had complained that he obstructed
their work and tried to stop them from pub-
lishing results that contradicted his own.
Other researchers continued to challenge
Taleyarkhan on scientibic grounds. Last vear,
one critic—sonochemist Kenneth Suslick
of the University of Hlhinors, Urbana-
Cha mpa i an—even ra ised the issue of
possible scientific fraud in an e-mail o a
Purdue research official.

Purdue appointed a committee o review
the matter, although just what allegations it
investigated has never been made clear. In
June, the university reported that it had
completed an initial ingquiry, and it launched a

wwlsciencem

Exonerated. Tale

second one. Now, university officials say the
inquiries have cleared Talevarkhan of mis-
conduct but that details of the Findings, the
charpes, and even the makeup of the commit-
tees will be kept confidential, in keeping with
the university’s policies. *We're done with it.”
says Purdue spokesperson Jeanne Norberg.
Other experts both inside and outside the
university say the process was shrouded in so
miich secrecy thatits impossible 1o know whai
the reviews entailed. “Its outrageous. I don’t
know what Purdue 15 doing.” says Lefteri
Tsoukalas, a nuclear engineer at Purdue who
mitiated some of the allegations against
Taleyarkhan. Tsoukalas said he spoke to the
il review commuttee last spring and was
asked to resubmit written allegations in
September, which he says he did. Yer,
Tsoukalas says, neither he nor anyone ¢lse he
knows was ever interviewed by the second
pamel. Suslick and Seth Putterman, a physicist
at the University of California, Los Angeles,
who headed a Defense Advanced Research
Projects Agency—funded effort to replicate

SCIENCE VOL 215
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Talevarkhan's work. say that they too were
never contacted by the panel and are frus-
trated by its secrecy,

Effores to understand just what 1s going on
inside Taleyvarkhan's tabletop fusion devices
remain equally controversial. Last spring,
Talevarkhan invited two separate teams to use
his experimental setup at Purdue to see
whether they could spot the welliale signs of
fusion. The experiment is designed to use
ultrasound to collapse bubbles in an organic
solvent and torce deuterium atoms in the bub-
bles to fuse, liberating either ritivm and a pro-
ton or helium-3 and an extra neutron, plus lots
of energy. In May. Ted Fornnger, a physicist at
LeTourneau University in Longview, Texas,
ran the experiment with two undergraduate
students using two different types of neutron
detectors, both of which he says recorded sig-
nificantly higher levels of neutrons than did
controls, In June, William Bugg, a physicist
emeritus at the University of Tennessee,
Knoxwville, also ran the expenment and says he
too found evidence for excess neutrons.

Meither of these experiments has been pub-
lished i full, however. Stanley Milora, a physi-
cist at Oak Ridge. sirvs that in a write-up of the
Forringer experiment that hes seen, electronic
neutron counters called scintillation detectors
only collected data for 60 seconds. In addition
to lomger data collection, Milora says he'd like
o see evidence of where any proposed neu-
troms are coming from. IF dewterium atoms are
fusing in the collapsing bubbles, neutrons
should hit the detectors just a few nanoseconds
after the bubbles collapse and give off a burst off
light. But Milora says there was no effort 1o
track such correlations.

Putterman. Suslick. and their colleagues
did attempt to register such correlations,
using Talevarkhan’s own engineering dia-
grams to construct their sonofusion appar-
tus. Im a paper they published last week in
Plivsical Review Letrers, the researchers
report that they detected no neutrons above
background and saw no correlations between
light Nlashes and neatrons,

The bottom line, Milora says, is that mos)
people won't believe bubble fusion is real unul
the work is verified outside Taleyarkhans lab,
“1 think a fully independent reproduction of
these results would mrna lot of people around.™
he savs. Until that happens, the chief form of
energy produced by bubble fusion is likely to
be heated arguments, -ROBERT F. SERVICE
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DATA SHARING

New Swiss Influenza Database to
Test Promises of Access

The world will soon know whether dozens
of scientists and health experts meant busi-
ness when they pledged o share crucial data
on bird flu 6 months ago. Behind the scenes,
a small group of experts has arranged for a
brand-new influenza database, housed at the
Swiss Institute of Bioinformatics (SI1B) in
Cieneva, that plans to open the first week of
March o wrn their promise into reality.

Ifall goes according to plan, researchers
and H3N1-affected countries will use the
database to reveal information about the
virus to the world immediately, with the
assurance that nobody can use their data wo
produce papers. drugs, or vaceimnes without
their permission,

About 15 Au labs currently share key
genetic data about HANI in a password-
protected compartment at the Influenza
Sequence Database (15D) at Los Alamos
Mational Laboratory in New Mexico, That
deal, under the auspices of the World Health
Organization {WHO), came under fire last
year from researchers, led by lalian veteri-
nary virologist Hlana Capua, who believes that
everyone—nol just a select group—should
have access. Thewr cnticism sparked the cre-
ation of the Global Initiative on Sharing Avian
Influenza Data (GISALD), announced in a let-
ter in Netere m Awgust 2006 that was signed
by more than 70 experts. The plan was spear-
headed by media consultant Peter Bogner,
until then unknown in the influenza world
(Science, 25 August 2006, p. 1026).

A small group including Bogner,
Capua, and Naney Cox, head of the
influenza division at the LS. Centers for
Disease Control and Prevention in Atlanta,

Georgia, has now hammered out dewails of

the plan. They reviewed final arrange-
ments at a meeting in Munich last week.
Anyone can get access to the new data-
base, provided they register, log in, and

accept an agreement limiting their use of

the data, Bogner sayvs. Those who provide
data have 6 months to take care of patents
and screnutic publications: after that, the
information will be entered into three
large public databases.

Bogner declined to provide details of the
user agreement, which will be made public
shortly, But these rules—and whether they re
followed—will be crucial 1o GISAIDS suc-
cess, says Albert Osterhaus of Erasmus Uni-
versity Medical Center in Rotterdam. the
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Metherlands, As a signatory to the Narure
letter. Osterhaus savs he's “committed in
principle” to depositing information in the
database, “but I want to see the exact terms
first.” WHO has not been involved in the plan
but welcomes it, savs David Heymann, head
of the agency’s flu efforts.

SIB Director Amos Bairoch says that
when GISAID's database kicks off, it
will be filled with decades” worth of
influenza data from humans, birds, and

Sharing. Peter Bogner
has financed GISAID's
efforts himself.

other species. Bairoch believes Switzer-
land’s famed neutrality will help win over
countries reluctant to contribute to a
LLS.—sponsored database.

ISD head Catherine Macken says
researchers may prefer GISAID because it'’s

free of charge—but she's okay with that.
The bad press [SD has received because of
the H3N 1 compartment has been “a night-
mare,” she says, “If someone else wants it,
they re welcome.” “A sense of civie duty™
led Bogner to bankroll the entire operation
so far with his own money. But corporate
backers. which he declined to name, are
mterested m helping out, he says.

The 1ssue of influenza sharing made
fresh headlines last week when Indonesia
announced it would no longer share viral
samples of H3N1 with WHO without a
so-called Material Transfer Agreement that
limits commercial use of the virus. But even
if Indonesia no longer shares viruses,
Bogner says he has guarantees that it
will keep sharing its H3N1 sequence data
with GISAID. ~MARTIN ENSERINK

FAIR Deal for India

Three accords have opened a new era in scien
tific collaboration between Europe and India,
bolstered last week at a meeting in New Delhi
between India’s science minister and his

counterparts from the European Union (E.UL).

The first such gathering outside Europe,
the parley featured India committing to a
£ 250 million contribution for the $1.5 billion
Facility for Antiproton and lon Research (FAIR)
at the GSI heavy-ion research lab in Darmstadt,
Germany. Indian scientists will collaborate on
the project, which once completed in 2014
will produce beams for research into nuclear
physics, plasmas, and nuclear astrophysics,
“It's good to have India on board,” says John
Wood, head of the U.K.'s Central Laboratory
of the Research Councils.

In addition, India and the E.U. will each
contribute $7.5 million annually to a joint
research fund for projects in health, climate,
and energy. Indian scientists will also be able
Lo compete for grants under the EU.'s 7-year,
£75 billion Seventh Framework Programme,
which began earlier this year. “India will be
the most important and first partner in the
Seventh Framework Programme,” said
Annette Schavan, Germany's minister for edu
cation and research, who led the E.U. delega-
tion. Indian science mimster Kapil Sibal called
the agreement “historic,”

-PALLAVA BAGLA

Korea Targets Lab Mischief

SEQUL—The South Korean government last
week sel new penalties for scientilic miscon
duct and mandated a new system for investi-
gating alleged misconduct in state-funded
science, Drafted in response to the Woo Suk
Hwang cloning scandal, the rules require
government labs, universities, and research
centers that receive state funds to tighten
oversight to thwart scientific misconduct,
including plagiarism, data tampering, and
intimidation of whistleblowers. The guidelines,
which contain new wording on training, call on
inslititions to form investigative commillees
comprised of at least five persons including
experts and outsiders Lo probe allegations.

Under the guidelines, penalties for mis
conduct include the government ending state
run projects and barring institutions from
receiving state funding for up to 3 years.
In-il Lee, a ministry official, said that the gov
ernment hopes that setting up this system will
force scientists 1o take more responsibility in
their research.

=D. YVETTE WOHN
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DIAGNOSTICS

Amid Debate, Gene-Based Cancer Test Approved

In the chaotic and rapidly expanding Field of
“personalized medicine.” dozens of compa-
nies aim to create tests that read a disease’s
biochemical tea leaves and anticipate the
course it will take. The predictions, which
often rely on gene expression patterns, can
have a momentous effect. for example.
prompting doctors and patients to eschew
chemotherapy when a test suggests that a
breast cancer has a low nsk of recurring.
But as these largely unregulated 1ests

move into clinical use, researchers
are asking some fundamental —
4"@?
o 7
M

7

questions: Are they based on
sound science” And can physi-
clans really interpret the results?
Last week. the ULS. Food and
Drug Administration {FDA)
stepped full force into this
debate, issuing its first-ever
approval of a multigene prognos-
tic test and 2 days later holding a
contentious meeting to discuss
mre stringent oversight of this
area. Called MammaPrint, the

test approved by FDA was
developed by Amsterdam-hased
Agendia and aims to predict
a breast cancer’s nisk of recur-
rence. MammaPrint is currently
available in Europe, South
America, and elsewhere; Agen-
dia says it has performed more
than 3000 wests so far.

In the United States and
Europe, diagnostics such as
ManmaPrint and another breast cancer prog-
nosticator called Oneotype DX are not gener-
ally approved the way drugs and devices are.
Instead. in the LS. theyre considered labora-
tory tests and are allowed on the market
with little scrutiny of their science when
performed under the auspices of a single
lab. Agendia sought FDA approval of
ManmaPrint in part on the agency'’s request,
and in part to reassure physicians that the test
15 sound, says the company’s co-tfounder and
chief scientific officer. René Bernards. Based
largely on results from 302 European breast
cancer patients, FDA expressed confidence
m MammaPrint's quality.

But now FDA wants to extend 1ts over-
sight to many more gene-based tests, In
September, the agency released a draft doc-
ument suggesting that many prognostic
tests should be regulated as medical
devices. which would vastly expand the

14 FEBRUARY 2007 WVOL 315 SCIENCE

i
1]
f

L)

agency’s oversight of them, This policy
would cover many candidate tests, inelud-
ing. possibly, a method for identifving the
primary source of metastatic cancer and a
blood test to determine whether a trans-
planted heart 1s being rejected. “We had
concerns” about this class of products, said
Steven Gutman, FDA's director of the
Office of In Vitro Diagnostic Device Evalu-
ation and Safety, at last week’s meeting in
Giaithersburg, Maryland. Accuracy is one
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Low-risk

High-risk

Next generation. Cancers have long been evaluated by direct abservation Ueft col-
umn; a new es uses gene expression Lo judge the risk of recurrence (Fght column).

concern, he savs, as is a “lack of trans-
parency” about how the tests are performed.
FDA is accepting comments until 3 March.

At FDAs meeting, many companies and
some patient advocacy groups argued
against FDA's proposed policy. They sug-
gested that requesting more extensive ¢lini-
cal trals would impose a financial burden
that diagnostics outfits can’t alford and pos-
sibly add a decade’s delay. “We can’t wait
that long.” says Charles Perow, a geneticist
at the University of North Carolina, Chapel
Hill, who s trying to commerciahize a
breast cancer prognostic test hut did not
attend the meeting.

Two of the breast cancer vests that are far-
thest along, MammaPrint and Oneotype DX
have settled on a middle ground: The compa-
nies are marketing their tests to doctors on the
basis of retrospective studies of stored tissue
while long-term clinical trials of breast cancer

patients run simultaneously, MammaPrim
uses a Tl-gene signature 1o stratfy women
with breast cancer that hasntspread (typically
one of the groups that may avoid chemother-
apwy ) into “low-risk™ or “high-risk™ categories.
Oncotype DX relies ona 2 1-gene analysis to
help inform clinicians whether patients with
localized estrogen-receptor-positive cancer
are at risk of relapse. And although CEO
Randy Scott of Genomic Health, the Redwood
City, California. company that makes
Oncotype DX, believes that these
tests should be developed as “you
would develop adrug.” he does not
think they should be regulated as
such. “We're not injecting any-
thing mto the body,” he says.

But some physicians see sig-
nificant risks. 111 withhold life-
saving therapy from a patient
because of a bad test, that's every
hit as bad as i’ | gave her a bad
drug.” says Daniel Haves, a
breast cancer specialist an
the University of Michigan,
Ann Arbor. who helps run an
Oncotype DX trial.

Physicians such as Haves,
meanwhile, continue to puzzle
over what some prognostic tests
are really telling them., In cancer,
“i1t may be that at 5 years, one
group has a 20% relapse rate,
the other has a 753% relapse
rate, but what’s going to happen
at 10 years? Are we measuring
the chance of metastases. or the rate?” asks
Larry Norton. deputy physician-in-chiel for
breast cancer programs at Memorial Sloan-
Kettering Cancer Center in New York City.
He also notes that many of the genes used
by these tests are linked to tumor growth,
despite emerging data that other genes., such
as those that affect inflammation, could
also be eritical.

Anather concern, says Hayes, 15 that
because many studies were designed to
answer a simple question—did the patiem
lve or die?—some ol the data could be
misleading. A participant whose tumor
responds unusually well wo chemotherapy.,
for example, may be misclassified as one
with a positive prognosis from the outset. In
such a case, savs Haves, a test result could
lead to *“withholding the very agent that
made their prognosis good.”

-JENNIFER COUZIN
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FAITH AND SCIEMNCE

In Europe’s Mailbag: A Glossy
Attack on Evolution

PARIS—It's the most gorgeous-
looking attack on evolution seen
in a long time: That's the consen-
sus among European scientists
who in recent weeks have received
unsolicited free copies of the Ailas
of Creation. The T68-page. lav-
ishly produced tome was written
by Harun Yahya, a Turkish author
who denounces Darwinism as the
source of many evils, including
9/11. Its publisher has sent hun-
dreds if not thousands of copies of
the book to researchers in ar least
four countries in Western Europe,

A source of amusement to
some, the book has troubled and
outraged others—especially in France, where
a French translaton landed in the mailboxes
of hundreds of high scheol directors and
libramans. “This is a nasty attack on our edu-
cation system.” says evolutionary biologist
Armand de Ricglés of the Collége de France,
who worries that the book might touch off a
battle over the teaching of evolution in
Europe. French Education Minister Gilles de
Robien swiftly warned schools 1o keep the
book out of pupils” hands,

Harun Yahya is the pen name of Adnan
Oktar, the head of the Foundation for Scientific
Research (BAV) in Ankara, which has pro-
moted Islamie creattonism since 1997
(Science, 18 May 2001, p. 1286). Yahya is
eredited with hundreds of books: he 1s “more
like a brand name™ for a group of writers he
leads, says Taner Edis, a Turkish-born physicist
at Truman State University in Kirksville,
Missouri, who has studied Islamic creationism.

Yahya accepis that the world is billions of

years old but rejects the concept of evolution-
ary change. More than 300 pages in the Atfas
of Creavion (the first in a series of seven vol-
umes ) are filled with pictures of tossils,
accompanied by modem-day organisms that
look stinkmmgly similar—prool, Yahya says,
that evolution theory is false. It's an “absurdly
ridiculous™ logic, says Gerdien de Jong, one
of five biologists at Utrecht University in the
Metherlands who received a copy.

Within Turkey, BAV has been “quite suc-
cessful” n promoting creationism, says biolo-
gist Aykut Kence of the Middle East Technical
University in Ankara, One recent survey found
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Mass mailing. Schools in France have received a slick volume
that purports to disprove evolution science,

that more than 30% of biology wachers in see-
ondary education “are not sure about the valid-
ity of evolution,” savs Kence. Yahva's books
have also been translated mto Arabic, Urdu,
and other languages of the slamic world.

How BAY can afford mass distinbution of

books., as well as a plethora of DVDs and Web
sites m several languages. 1s unclear. Rumors
abound—for instance. about Saudi or
LS, backers—but Turkish law makes finding
out the facts very difticult. Edis says. In an
e-mailed response to questions, a spokes-
person for Yahya declined w address finances.
He added that France *can gather up and burn
all the books, just like in the days of the
Mazis, ... vet the collapse of Darwinism can-
not be prevented by prohibitions and bans.”

French scientists say they need to operate
carefully so as not to inflame tensions with
France's sizable Muslim minority. But a
response is needed, sayvs de Ricgleés, if only to
arm teachers with counterarguments. Kence
says he and others have tned o promote evo-
lution, but he says he never engages in direct
debates with creationists, because that would
enhance ther credibiliny.

Meanwhile, some readers were trying to
find new uses for Yahya's book last week.
Ecologist Michael Hassell of Imperial Caol-
lege London savs he's using the 3-kilogram
opus as a lamp stand. His colleague Peter
Knight, another recipient. says he donated
his copy to his ecology group—=1 hope
they tound it was biodegradable and recy-
clable.” he says.

=MARTIN ENSERINK
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$25 Million Prize for
Greenhouse Whizzes

Mega-entrepreneur and adventurer Richard
Branson is offering what he calls "the largest
ever science and technology prize” to entice
development of a salution o global warming.
Modeled after the $10 million Ansari X Prize
that led to the development of a reusable
crewed rocket in 2004, the 525 million Virgin
Earth Challenge will be awarded to whoever
can develop a commercially viable technology
capable of removing at least a billion tons of
carban dioxide, a2 major greenhouse gas, from
the air every year. Current air-capture tech
nigues cost three to four times more than the
market will bear. “I think it's great,” says
physicist Martin Hoffert of New York Univer
sity, who nonetheless warned that it's going to
be a tougher nut to crack than building a bet-
ter spaceship. Current technology to grab
(0, he notes, is "very energy intensive.”
-RICHARD A. KERR

Greening the Forest

The Smithsonian Tropical Research Institute
(5TRI) in Panama has received an 58 million
grant from the London-based banking giant
HSBC to expand its century-long studies of rain
forests to better understand the effects of chi
mate change. Working with Harvard Universily,
STRI's Center for Tropical Forest Science will
conduct an annual census across a network of
20 study plots in 15 countnes, as well as study
the carbon cycle in these tropical forests. The
gift is STRI's biggest ever private donation and
lets it tackle “important scientific guestions that
single-site [studies] can't address,” says center
director Stuart Davies.  —ELIZABETH PENNISI

A Bounty on a Killer

Five nations and the Bill and Melinda Gates
Foundation are dangling a $1.5 billion carrot
in hopes that the pharmaceutical industry will
produce a vaccine for the developing world
against Streplococcus pneumaoniae, which
causes pneumonia and meningitis. Last week,
the consortium pledged to purchase fulure
vaccines at a guaranteed price once the prod-
uct is proven safe and effective. Pneumo
coccal infections kill as many as 1.6 million
peaple annually, most of them children. “Now
companies know that il they have the technol-
ogy and they build a plant, they can sell the
vaccine,” says Robert Black of the Johns
Hopkins Bloomberg School of Public Health in
Baltimore, Maryland. Black says the arrange
ment can also be a tool against other diseases
plaguing poor nations.  ~MARTIN ENSERINK
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WS NANOTECHNOLOGY

Health and Safety Research Slated for Sizable Gains

Heeding calls for increased basic research
on the health and environmental implica-
tions of nanotechnology., the Bush Adminis-
tration has proposed a $3-million-a-vear
network of academic centers to pursue the
topie and disseminate the findings. But
that network. part of President George
W. Bush’s 2008 budget request sent last
week 1o Congress, doesn’t address what
many consider a bigger problem for the
field: the lack of research tied more tightly
to the development of new LLS. regulations,

In 2006, the federal government funded
538 million in research on nanotechnology
environmental health and safety. That is
likely to grow to 546 million this vear ( Con-
gress was expected to take final action on
the federal budget this week), and the presi-
dent’s budget would boost it to $39 million,
At the cornerstone of this new push is a
network of centers, funded by the National
Science Foundation and modeled aler
existing NSF networks.

Vicki Colvin, a chemist at Rice Univer-
sity in Houston, Texas, who directs Rice’s

U.S. ACADEMIA

Center for Biological and Environmental
Manotechnology, says that she believes
spending more money on basic research and
a network of centers is the right way to go.
“Tt’s great news,” Colvin says. She notes that
nanotechnology remains in its early develop-
ment despite some 380 products containing
nanomaterials that are already on the market.
At this stage, she says, its important to learn
more about how nanomatenals interact with
biological systems,

The NSF network proposes to do just that,

she says, by investigating how the structure of

awide array of different nanomatenals attects
their environmental behavior. “Forming a
network that permits everyone to exchange
supphies and methodology will really fast-
forward this Cield by acouple ol vears.” shesays,

But not everyone agrees that basic
research is the best investment the govern-
mient could be making to understand the envi-

ronmental health and safety aspects of

nanoproducts, Nanotechnology “has stopped
being a pure science project,” savs David
Rejesk, who directs the Project on Emerging

Radcliffe Historian Named Harvard President

Harvard University s search for a new pres-
ident to succeed the controversial Lawrence
Summers ended this week with the appont-
ment of a Radcliffe dean and civil war histo-
rian. Drew Faust, 59, will become the First
woman to lead the oldest and wealthiest uni-
versity in the Umited States. She emerged as
the top candidate in the vearlong search
after Thomas Cech, biochemist and presi-
dent of Howard Hughes Medical [nstiwie,
withdrew his name from consideration ear-
lier this month,

After her selection was announced on
I 1 February, Faust spoke out strongly in favor
of a new initiative to increase interdisciplinary
work m Harmvard’s extensive science program
{Science, 20 January, p. 449) and added that
she wants to break down the barriers between
the sciences and the humanities. She takes
over | July from interim president Derek Bok.

Some search committee members wanted
a physical or biological scientist for the post,
but friends and colleagues of Faust insist she
hais 2 good track record in supporting research
in her current job as dean of the Radeliffe
Institute for Advanced Swdy, a school within
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Harvard. “She is not a scientist, but | am cer-
tain she has the ability to ably lead the univer-
sity s expansion ol its science efforts.” says
Barbara Grosz, a computer scientist and
Radeliffe science dean who has worked
closely with Faust.

“Right from the start. | had many people
sy tome, “You should give up on having sci-

Manotechnologies at the Woodrow Wilson
International Center for Scholars in Washing-
ton. D.C. “Nanotechnology is being commer-
cialized at a very fast pace right now. You've
got to position the science ahead of that.”

Rejeski arpues that ULS. regulatory agen-
cies. such as the Environmental Protection
Agency (EPA) and the National Institute for
Occupational Safety and Health, are strug-
gling to keep up with the questions being
raised about how best o regulate nanotech
products entering the market, And although
EPA would recerve 596 mullion in 2008, up
from $3.7 mullion in 2006, Rejeski argues that
considerably more is needed.

Last September. both Republican and
Democratic leaders of the House Science
Commitiee called for expanding the research
needed for regulatory agencies 0 ensure the
safety of nanomaterials in the environment,
And supporters have reason o believe legisla-
tors will heed that plea: In every year since the
LS, Mational Nanotechnology Initiative
began in 2001, Congress has topped the
president’s request. -ROBERT F. SERVICE

ence at Radehiffe,” ™ Faust says in an article
appearing in the most recent issue of the
Raceliffe Chrarteriy, * It was clear 1o me from
the outset that science needed to be an
important commitment for the new insti-
tute.” It also runs in the family: Her husband,
Charles Rosenberg. is a historian of medi-
cine and science at Harvard,

Female Faculty members at Harvard sud
they were delighted with the appoimment of
Faust to succeed Summers, whose controver-
sial comments about women's ability 1o suc-
ceed in the sciences contributed to his resigna-
tion last February, “This is an inspired choice,”
says Evelyn Hammond, senior vice provost for
faculty development and diversity and a histo-
rian of science, who has known Faust for
years. “She has extraordinary leadership qual-
ities and enormous integrity”

In a press conference after she was named
Faust praised Summers, an economist and
former treasury secretary in the Clinton
Administration, for his analytical skills, But
then she added, *1 think women have the apti-
tude 10 do anything. and that includes being
president of Harvard,” -ANDREW LAWLER
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Balancing act.
John Marburger

Science Adviser Says That Pruning
Is the Key to a Healthy Budget

The LLS, science community needs to figure
out how to live within its means, says John
Marburger, science adviser to President
George W Bush. In particular, he believes
biomedical scientists need to curb their
appetite for federal funding and space scien-
tists must learn to turn off a mission be fore
building and launching a new one.

Speaking last week to Science about the
president’s 2008 budget request to Con-
aress, Marburger defended the Administra-
ton’s plans o give a sizable boost to a few
agencies while starving most of the rest of
the science establishment ( Seienee. 9 Febru-
ary, p. 730). He savs that “no president has
been a stronger supporter of science and
technology as a way to benefit society.” and
he rejects complaints from science lobbyists
that the budeet request threatens the health
of the LS. scientific enterprise.

“I think the overall federal scientific
enterprise s well-funded,” Marburger says.
“But there’s been a ramp-up of expensive
programs in some areas, while important
programs in other areas are underfunded.”
He notes that the Amencan Competitiveness
Initiative, first proposed last vear, attempts o
correct that imbalance in the physical sci-
ences by boosting the budgets of the National
Science Foundation (NSF). the Department
of Energy’s ( DOES) Office of Science, and
the core labs at the National Institute of Stan-
dards and Technology. And he says that other
agencies can thewve with thewr current budgets
by setting priorities and sticking to them,
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Marburger was scheduled o testufy this
week before the House Commitiee on S¢i-
ence and Technology, kicking off the year-
long budget eyele. And although the Demo-
cratic Congress will surely revise the presi-
dent’s request for science and every other
sector of federal spending, Marburger’s
comments, edited lor space. shed hight on
the nature of the government’s $35 billion
commitment to basic and applied research.

-]EFFREY MERVIS

On the National Institutes of Health
(NIH) budget:
1 think they have a structural problem, and 1
don™t have a quick answer. ... There 1s no way
the federal government can ever satisfy the
demands created by the doubling of the
MIH budget [between 1998 and 2003]. It's
led o what [ call an unregulated research
market. with booms and busts that are beyvond
the ability of the government to control,
[Atthe same ime, ] NIH funding got way
out of step with funding for the physical sci-
ences. Briomedical research 1s funded much
closer to the level of its needs than are the
physical seiences. And there are imbalances
within the biomedical research enterprise in
which it’s not clear that the pattern of expen-
ditures matches the importance of the
research. A lot of its 828 billion budget is
aimed at treatments and therapies for spe-
citic diseases rather than basie cell biology
and molecular biology. which raises the
question of whether we're spending enough

SCIENCE VOL 215
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on basie research. The leadership under-
stands these 1ssues, and the director’™s

Roadmap addresses these challenges.

On NASA's budget crunch:

“Large space science programs face two
fundamental problems. The first is the
mability o make accurate cost estimates
early in the life of the program. Once the
price starts to go up, the agency has to either
cancel the program or come up with more
money. And the money is very hard to find;
most of the time. vou can’t do it without dig-
ging into other programs.

Second. the programs are sustained for
longer than expected. So it vou meet yvour
goal of a certain number of launches per
year, and those missions are sustained for a
longer peried of tme. eventually something
has to give. Do vou know how many space
serence plattorms are active nght now? You
might guess one or twe dozen. The actual
number s 35 which s a lot We are spending
a lot of money on space science— far ahead
of everybody else in the world. But there
needs o be a better apprecinion of the need
tor strategic management of those assets,

On better project management:

“We need new financial models for
addressing the transition from construction
to operation of a major scientifie taciliy
and for deliberately phasing out programs
that are expensive once they have accom-
plished their mission. We can’t expect them
to last forever, because we can’t afford
them. We need to continually renew our
infrastructure to keep up with what’s hap-
pening in the rest of the world.

Industry faces a similar challenge. It's a
hard decision to shut down an operation tha
i5 profitable and productive and invest in
new Facilities that will be more productive.
But it has 1o be done. ... Look at the Hubble
[Space Telescope]. We probably made the
wrong decision, decades ago. to have it
maintained by the space shuttle. because it
turned out to be much more expensive than
anybody realized. We could have launched
many other science platforms for the price
of mamtaiming one Hubble.

And the problems associated with life-
evele planning estimates are not unique to
MASA. NSF has experience with this. too,
but as its projects become larger and more
complicated, the management problems
become harder. DOE may do the best job. In
has phased out aging facilities before it
builds new ones.

We are America. We should be able o

manage these projects.

14 FEBRUARY 2007
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For decades, biologists working with contaminated or misidentified cell
lines have wasted time and money and produced spurious results;
journals and funding agencies say it's not their job to solve this problem

IN THE 19805, WHEN HE WAS A
postdoctoral fellow at the Scripps Research
Imstitute in San Diego. California, Reinhard
Kofler received what was supposed to be a
human cancer cell line from a collaborator.
“We cultured it we cloned genes into L™ he
recalls, then “[we] genotyped it and realized it
was 1000 mouse.”

After scores of similar experiences with
misidentified cells, Kofler and his col-
leagues at the Tyrolean Cancer Research
[nstitute in Innsbruck, Austna. now authen-
ticate every line as soon as it arrives at the
mstitute. And perodically afterward, they
use a simple. cheap. quick. and reliable
DNA fingerprmting technique o venty that
each cell line continues to be what it should
be. “It's an absolute must now,” says Kofler.
His lab “repeatedly™ encounters problems
with cell line contamination, and without
this constant vigilance, Kofler savs, ©l
wouldn’t be conbident about our work,”

Mot every biologist 13 so wary. A 2004
survey of nearly 300 biologists by Gertrude

14 FEBRUARY 2007

Buehring of the University of California,
Berkeley, and her colleagues, showed that
less than 50% of researchers regularly ver-
ify the identities of their cell lines using any
of the standard technigques such as DNA
fingerprinting. “Everybody 15 in denial™
about the widespread problem of cell line
cross contanunaton. savs Charles Patrick

Early warning. Hela cells have comaminated scores
of cell lines for more than 4 decades,

VOL 315 SCIENCE

Reynolds of the University of Southern
Calilornia and the Children’s Hospatal Los
Angeles’ Institute for Pediatrie Clinical
Research, who establishes new pediatric
cancer cell lines and tests potential cancer
drugs on existing lines.

Indeed. many studies have shown that a
surprisingly large number of cell lines
have become contaminated. often by
older. more well-established cancerous
cells. For example. according to a 1999
paper by Roderick MacLeod and has col-
leagues at the German Cell Bank (DSMZ) in
Braunschweig, 18% of 252 lines donated to
the bank were misidentified or contami-
nated. The extent of the problem “always
seems o come as a surprise for people,”
says John Masters of University College
London, president of the European Tissue
Culture Society.

And even though bologists read and
hear about ¢ross contamination, “people

Just think that this is not a problem in my

lab.” says Reynolds. If contaminated cell
lines are used merely as “test tubes” to
express proteins, a lab’s work may not be
affected. But, say Masters and others,
research with contaminated lines contin-
ues to obscure patent 1al n.ll'll:,: leads and
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generate a large amount of artifacts in the
scientific literature,

Troubled by this ongoing problem,
Roland Nardone. a cell biologist and pro-
fessor emeritus at the Catholic University
of America in Washington, DLC., has taken
it upon himself to become the Paul Revere
ol cell contamination. In a recent white
paper chastising the scientific community,
Mardone calls tor stricter policing of cell
identities. He argues that journals and
funding agencies such as the US. National
Institutes of Health (MIH) should mandate
authentication of cell lines.

Several professional groups—including
the Society for In Vitro Biology, the Euro-
pean Tissue Culture Society, and the Amer-
ican Society for Cell Biology—have
endorsed the white paper, as have several
cell repositories. But journals and NIH are
wary of taking on the role of cell cop, and
Reynolds is skeprical that Nardone will sue-
ceed where he and others have failed. “No

amount of passioned discussion by myself’

or Dr. Nardone will fix what has been and
continues 1o be a widespread problem,” he
says. Merely suggesting what needs to be
done, Revnolds adds, “is a long way from
people actually doing 11" Kofler cites his
own record as a cautionary tale: “We have
started doing this [regularly fingerprinting
lines) only 3, 6. or 7 years ago. Before that,
even we were lazy”

Murphy's law
How do cell lines assume secret identities,
and why does it happen so often? “It’s like
Murphy's law.” savs Kofler, “Everything
that can 2o wrong will go wrong, It's just a
matter of time.” Although most researchers
are aware of the possibility of contamina-
ton and cautious when handling cells, acci-
dents happen. Cell lines get mislabeled or
contaminated with fast-growing cells that
can in no time take over the original lines.
The only way to prevent cross contami-
nation is to spot it before it spreads. In
2001, Masters, who has been advocating
tor increased awareness of the problem for
decades, published a description of a DNA
fingerprinting technique that has become
the standard tool for authenticating cell
lines. When a line is established. it is eru-
cial to record the donor’s genetic profile
and then do the same for the new line, says
Masters, [Tthis is done and the fingerprints
made available publicly, it would provide
other scientists with an authentic signature
to verify the identity of the lines. Reynolds
and his colleagues recently estimated the
cost for a single DNA fingerprinting

www.sciencemag.org SCIENCE WVOL 315

experiment to be 830, “It"s so cheap, so
obvious. so trivial, and yet its not being
done.” says Masters.

Ignoring history

The roots of the contamination problem po
back to the beginning of studies with cell
lines. Between the mid-1960s and the early
19805, Walter Nelson-Rees of the Cell
Culture Laboratory of the University of
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California, Berkeley, at OQakland found
more than 40 different cell lines—both
human and animal—cross-contaminated by
the HeLa line. the first human cell line to be
arown successtully in a laboratory. By the
time he published his Nindings, there were
already hundreds of papers describing
research using the contaminated lines.
Melson-Rees made it his personal mis-
sion to warn others about the dangers of
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Even the bedrock of present-day cancer research, the NCI-60 panel—a group of 60 cancer cell
lines maintained by the U.5. National Cancer Institute (NCI) and used widely for both basic
research and drug discovery—has not escaped the scourge of cross contamination. In the late
1990s, Mordechai Liscovitch of the Weizmann Institute of Science in Rehovot, lsrael, had oblained
from the institute the breast cancer line MCF-7 and its drug-resistant daughter line, once known
as MCF-7/AdrR (for Adriamycin resistancel—both part of the NCI-60 panel. A few years ago, a
comparison of the lines in his lab revealed certain biochemical differences that illustrated how
cancer cells become resistant to drugs. Three years of work with these lines had unfolded “a nice

story,” says Liscoviteh.

Early in 2001, he submitted a manuscript on the work to Oncogene and was awaiting ils publi-
cation. Then, one of his students stumbled upon a 2000 letter in the Journal of the National Cancer
Institute, saying that DNA fingerprinting had revealed that MCF-7 and MCF-7/AdrR were in fact unre-
lated; Liscovitch and his team immediately realized that their interpretations in the upcoming paper
were no longer valid. Disappointed at the years of wasted time and effort, they withdrew the paper
before it went to print. “It was a big blow for us,” Liscovitch says.

Mot only was MCF-7/AdrR unrelated to MCF-7, but it also turned out to be identical to an ovar-
ian cancer cell line also in the NCI-60 panel. That's not the only case of mistaken identity within the
NCI-60 panel. The SNB19 and U251 lines, once thought to be distinct central nervous system lines,
are identical to each other and came from the same individual. And MDA-MB-435, a prevalent
madel for metastatic breast cancer, is identical to the panel’s melanoma line, M14. NC| has tried
to trace the history of MDA-MB-435, which was originally established in 1976 at M. D. Anderson
Cancer Center in Houston, Texas. NCI found that the NCI-60 panel’s version is the same as a
sample of the line originally deposited at a cell bank by M. D. Anderson and as a sample given to
an MCI researcher by the cancer center. “The mix-up with melanoma cell line M14 likely happened
early in the history of the cell line,” NCI says on its Web site.

Although the NCI-60 panel’s Web site now details the history behind its “mischaracterized” cell
lines—Daniel Zaharevitz, chief of the information technology branch at NCI's Developmental Ther-
apeutics Program, considers that description more accurate than contaminated or misidentified—
the institute hasn't gone out of its way to inform researchers who obtained these lines in the past that
the lines are now suspect. Zaharevitz says the agency is wary of creating undue concern, because
much of the work with such lines, such as drug testing, is unlikely to have been compromised.

Liscovitch feels that greater exposure of the problem is needed. He publicized the story of
MCF-7/AdrR, now known as NCI-ADR/RES, in the 8 January Cancer Letters. There may be more such
stories in the future. There is some evidence that the NCI-60 panel’s version of the colon cancer cell

line HCT-15 is not the same as the original line.

-R.C.
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HeLa contamination. But the scientific
community mostly reacted with hostility,
and Melson-Rees eventually gave up (see
sidebar, below ). No one was willing to with-
draw their papers or lose their credibility
and most researchers continued using the
contaminated lines. Nardone. Revnolds,
Kofler, and other researchers are worried
that history is being repeated, especially
because the number of new cell lines has
proliferated dramatically.

In 2003, MacLeod and Hans Drexler of
DSMZ and their colleague, Yoshinobu
Matsuo, then at Fujisaki Cell Center in
Okayama. Japan. checked the identity of

350 lvmphoma-leukemia hines collected
from researchers around the world and
found 15% of them to be contaminated,
mostly with faster-growing, well-established
cell lines. In a letter in the 23 February 2006

tssue of Nartwre, they estimated that 29% of

all human-tumor cell line submissions o
the DSMZ include cross contaminations,
Because of the small sample sizes, these
Figures are, at best, “a significant under-
estimate,” says MacLeod.

Estimating the real extent of the prob-
lem is difficult; there are far oo many cell
lines being established every vear, and very
few of them ever get their identities pro-

filed. Repositories such as the German Cell
Bank and the American Type Culture Col-
lection (ATCC) profile every line in their
labs. But most new lines are established in
individual lahs and from thereon are freely
exchanged between labs, rarely having
their identities checked. “These cell lines
never pass through our doors, so they are
never subject to accurate authentication,”
says MacLeod. He and his colleagues have
found that about 90% of scientists ignore or
refuse a cell bank’s request to send in new
lines. and MacLeod argues that depositing
lines should be required so that DNA finger-
prints can be established and stored for

A LU

In 1951, a 31-year-old African-American woman was admitted to Johns
Hopkins Hospital in Baltimore, Maryland, for treatment for cervical cancer.
The hospital sent a sample of her cancerous tissue to Hopkins tissue culture
expert George Gey, who successfully cultured it in his lab. Henrietta Lacks's
ferocious cancer cells spread throughout her body and eventually killed
her. And her immortalized cells, named Hela cells after her, quickly spread
through labs across the world—and not always because

researchers had requested a sample for study. a

I'7 ]

In 1966, Stanley Gartler of the American Type Cul- Sy
ture Collection found that 18 of the first 20 human cell _,:

lines established were chromosomally and biochemically
identical to Hela cells. All 18 lines were known to have
come from Caucasian individuals. Yet Gartler found that
each had a genelic variant of an enzyme found only in
the small percentage of African-American population
that Lacks had belonged to. Gartler published his find-
ings in Mature in 1968, marking the first reported case
of Hela contamination. It was only the beginning.

A few years later, Walter Nelson-Rees began dis-
covering contaminations in lines from laboratories
across the world, At the time, he was at the Cell Culture
Laboratory of the University of California, Berkeley, at
Oakland, characterizing, storing, and distributing cell
lines for the U.S. National Cancer Institute (NCI). Over

maore than 10 years, he counted 279 contaminated cancer.

Eponymous. Hela cells came
from Henrietta Lacks's cervical

lines from 45 different laboratories. Many were contaminated with cells
from other species, but the bulk—mare than 40 individual lines—had
been overcome by Hela cells. "This sort of scenario happened many,
many times; people who thought they were working with ane type of
cells [were later found to be] working with Hela cells,” he says.

Nelson-Rees published his results in a series of papers in Science in the
1970s, urging scientists to stop using contaminated cell lines, re-evaluate
their previous research, and employ simple quality-control practices such
as reqularly verifying their lines' authenticity.

Nelson-Rees's revelations threw the community into a frenzy. Many
studies were called into question, and Nelson-Rees was naming names,
Some biologists reacted with hostility, and Moture in an editorial called
Nelson-Rees a “sell-appointed vigilante.” In a 2001 commentary on cell
line authentication, Stephen O'Brien of NClin Bethesda, Maryland, who
had worked with Nelson-Rees, recalled the tension: "Human emotions
were on edge, red faces were appearing in the most prestigious labora-
tories, and discussions of the problem lost any semblance of civility.”
Melson-Rees even remembers an anonymous telegram offering to send
him a one-way ticket to South Africa. "My aim was to clear up a morass
of contamination, and it wasn 't easy,” he says.

The attacks ultimately took their toll. In 1981, Nelsen-Rees quit sci-
ence and opened an art gallery in San Francisco.

Hela continues to spread today. In 2004, Gertrude Buehring of the
University of California, Berkeley, and her colleagues surveyed
485 researchers from 48 countries who were working

with specific cell lines and found that 49 were using
seven lines that others had shown to be contaminated
by Hela. When Buehring conducted a PubMed search to
identify the number of publications from researchers
wrongly using Hela-contaminated lines as though they
still had cells of the original line, she found a total of
220 papers between 1969 and April 2004. And the
number of publications on research using cell lines
shown to have become contaminated by Hela had
increased by a factor of 10 between 1969 and 2004,
whereas the total number of publications had increased
by only a factor of 2.7.

But perhaps Nelson-Rees will finally get his due.
Other scientists are now Laking up his fight against cell
line contamination {see main text). And in 2004, the
Society for In Vitro Biology publicly recognized his con-
tribution to science with a lifetime achievement award.

=R.C.
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future vernfication attempts,

Rescarchers sometimes publish papers
on individual mix-ups, hoping to warn the
rest of the community about a particular cell
line, But these warnings are typically
restricted to specialized journals and fal to
grab the attention of the larger scientific
community. For example. Mordechai
Liscovitch, a cancer researcher at the
Werzmann Institute of Science in Rehovot,
Israel. says he and his lab wasted 3 years
because they hadn’t noticed a publication
revealing that the two breast cancer lines
they were studying were not actually
related—a fact the U.5. National Cancer
Institute knew and attempted to publicize,
although it continues o use and distribute
the contaminated lines for drug testing (see
sidebar, p. 929).

A birthday resolution
Melson-Rees may have failed to stop the
spread of HeLa cells. but Nardone is tak-

ing up his battle, The retired director of

R/M Nardone Associates, a biotechnology
training company, Nardone has for more
than 2 decades educated graduate students
and postdocs at NIH about cell culure
techniques. “Each vear, [ give a lecture on
cross contamination.” he says. “And each
vear, | get the same blank stares that tell
me they aren’t adopting the technigques.”

In 2005, he happened to give this lec-
ture on his 77th birthday. After the class,
when his son asked him whether he had 2
birthday resolution, Nardone realized that
he was “so damn mad™ about the relue-
tance of scientists to acknowledge the
seriousness of the problem that he decided
to do more than give an annoal talk to a
lew biologisis,

Several weeks later, Nardone put
together a white paper titled Eradication of
Cross-Comaminaied Cell Lines: A Call for
Action. *Clearly, the current situation is
intolerable and requires a broad, coordi-
nated effort involving those who do
research, fund research, publish findings
of research, and educate researchers,”
he writes,

Mardone’s “call for action™ seeks two
broad changes: more regulations and
increased education efforts. Nardone
argues that journals and funding agencies
should impose strict rules on researchers,
forcing them to submit proof of cell line
identity along with their manuseripts and
grant proposals, respectively. This, he
says, has to be supplemented by renewed
education efforts to increase awareness
of the cross-contamination problem.

Wwww.sCiencemag.org

especially among
younger researchers
who are unfamahar
with its history. =
The journals
and agencies tar-
geted by Nardone
seem o embrace
his warnings but
not his solutions,
In an e-mail. Sally
Rockey., deputy
director of NIHs
Office of Extra-
mural Research,
told Science that
“MIH 15 aware that
contamination of
cell lines is a seri-
ous 1ssue that can
result 1n loss of

K-562
BLIN-1
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ldentity theft. DNA fingerprinting of these cancer cell lines shows that most,
if not all, are identical to the chronic myelogenous leukemia line K562, RS-1,
for example, had been thought to be an acute myelogenous leukemia line.

hiological products

and render rescarch worthless, ... The
career and reputation of scientists can be
affected if research i1s conducted using
contaminated cell lines.” Yet, Rockey
argues: “It would be impractical to
require authentication as a condition of
award as cell lines are used routinely n
thousands of basic science studies that
NIH funds. ... NIH believes that profes-
sional societies and scientists themselves
should be driving the profession toward
best practices in avoiding cell culture
contamination instead of placing the
responsibility on the funding agency.”

Journals also hesitate to assert authority.
“This is a requirement that would be
imposed by the field, not by the journal,”
says Science Deputy Editor for Biology
Katrina Kelner. *“We do not have an explicit
policy but will certainly keep our eve on this
ifit is something that becomes a standard.”
Nanire did recently mandate DNA finger-
print data for papers reporting new human
embryonic stem cell lines, but this policy
doesn’t extend 1o all cells. 1 think we would
agree with the sentiment™ in the white
paper, says Natalie DeWit, a biology editor
at Natire., But “you can't just suddenly say
we need to venity cell lines: we don’t have
labs in our offices, and we can’t check the
lines ourselves and say its from hamster
and not from mouse,”

Rebecea Chasan, executive editor of the
Jowernal of the National Cancer Instinte
(SNCT), says reviewers sometimes raise
gquestions about cell line identity, but after
reviewing Nardone’s white paper, JNCT
may take a firmer line. The journal is plan-
ning to begin asking authors to confirm that
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they have authenticated their lines, Some
issues need to be worked out, however, For
example, should that request come before
or afier a paper undergoes review? “If a
paper has gone through the peer-review
process and the authors aren’t able 1o con-
firm the identity of the cell hine, 1it's not yet
clear what we would do.” says Chasan. If the
genetic signatures of all established cell
lines were available in a public database,
then it would be easier for journals to step
in, notes DeWitt,

As journals wrestle with the problems
posed by cell line mix-ups—Reynolds goes
so far as to estimate that journals would
have to retract 33% o 40% of their previ-
ously published cell biology papers o weed
out invalid data—some organizations are
trving to help in different ways, The Society
for In Vitre Biology will hold a symposium
at its 2007 annual meeting in which ¥ vonne
Rerd of ATCC will talk about how contami-
nation can be prevented. Nardone, Masters,
and Joseph Perrone of ATCC are also organ-
izing a conference to discuss standards and
guidelines that could lead to profession-
wide compliance for authentication. And
ATCC, which has for decades sold lines
overtaken by HeLa, recently decided to stop
routinely distributing the lines, except tor
special requests from researchers. But
these efforts will have limited effect, savs
Nardone, if journals and grant-awarding
agencies won't mandate cell line authenti-
cation. What biologists need, he concludes,
is a “stick sayving that it you don’t do this,
there will be a consequence.”

-RHITU CHATTER]EE

Rhitu Chatterjee is a saence writer in Washington, 0.C.
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A Half-Century Late, Alternative
Accelerator Takes Off

It's not quite a cyclotron and not really a synchrotron, but the fixed-field alternating-
gradient synchrotron could create a whole new role for particle beams

When physicists started developing particle
aceelerators known as Fixed-Neld ahernating-
gradient synchrotrons (FFAGs), Dwight
Eisenhower was president of the United
States, and Elvis Presley was a promising
unknown. Now, 50 yvears later, rescarchers are
starting to build FFAGs that really work. Pro-
ponents say these accelerators may bring par-
ticle beams to bear on new {elds and applica-
tons: destroving tumors with pinpoimt preci-
sion, slashing the half-life of radioactive
waste, and teasing out the properties of the
most fundamental panicles of matter. “FFAGs
could revolutionize accelerator-driven science
in general.” savs Robert Cywinski, an experi-
mental physicist at Leeds University in the
LLE. “Every university should have one.”
Like the synchrotrons and cyclotrons
familiar w wday s scientists, FFAGS use elec-
tric fields to accelerate bunches of charged
particles such as protons or electrons around a
ring at close to the speed of light. But they dif-
fer in the way they guide the particles around
the circuit. In evelotrons, a fixed magnetic
field forces a beam of charged partcles to
move Inacircle, but regular voltage “kicks™
boost the particles” speed and make them spi-
ral outward, The size of the huge magnets
needed to keep the particles inside the
machine limits the energy of the beam.,
Synchrotrons overcome that problem by
using variable magnetic fiekds that amp up as
the particles merease in energy. But once the
field is geared up For high-energy particles,
VoL cannot inject more, low-energy particles

www.sciencemag.org SCIENCE WVOL 315

into the aceelerator. That cutoff puts a ceiling
on the beam'’s intensity,

FFAGs solve those problems by using a
magnetic leld that stays fixed in tme but that
grows stronger toward the outside of the ring.
As particles gain energy and drift outward, the
stromg field keeps them on track. As a result,
particles with a range ofenergies can all orbit at
the same time, enabling FFAGS to produce par-
ticle beams more energetie than a eyelotron’s
and more intense than a synehrotron’s,

The idea was originally put forward by
Japanese physicist Chihiro Ohkawa in 1953,
Researchers in the United States built three
small FFAGs in the late 19305 and early
1960s. But the difficulyy of creating the care-
fully shaped magnetic fields made larger
devices impractical.

However, better magnets and computer
simulations of three-dimensional magnetic
fields have renewed interest in FFAGs. The
spur came in the late 1990s from plans to
build a neutrino factory, a mulubillion-dol-
lar facility that would produce extremely
intense and high-energy beams of neutrinos.
Yoshiharu Mon and colleagues at the KEK
particle physics lab near Tokyo thought that
an FFAG would be ideal for accelerating
particles needed o create the neutrines. In
2000, they built a small “proof of principle™
device and have since constructed a larger
machine with a radius of about 5 meters.
Last year, this machine accelerated protons

up to 100 million electron volts at a rate of

100 bunches a second—twice the maximum

NEWSFOCUS

Long time coming. This 5-meter-radius FFAG
built at the KEK laboratory in Japan outperforms
traditional synchrotrons.

rate attained with a synchrotron,

This prototype machine was designed o
test applications such as hadron therapy, which
uses protons and other charged particles o
destroy mmaors, Mor has also joined Kaichiro
Mishima and colleagues at Kyoto University to
test whether an FFEAG proton beam can slash
the half<life—and therefore the threat o future
generations—of some long-lived radioactive

waste. Other attempts at “transmutation”™ of

nuclear waste involve using linear accelerators,
but Mishima thinks FFAGs have the edge
because they are cheaper, smaller, and more
efficient. “Whereas a hinear accelerator would
need to be up o a kilometer long, an FFAG
wotild probably be just a few tens of meters in
diameter.” he says.

First, however, FFAGs must clear some
major technical hurdles. KEK has so far con-
centrated on “scaling” FFAGs, in which the
orbits of the particles remain a constant shape
as the size of these orbits increases, or
“scales,” with momentum. But these require
large magnets and are extremely complex,
Much simpler and more compact, theonsts
say, would be a “nonscaling”™ FFAG, in which
particle orbits change shape with increasing
energy. No one has built one vet, because it
has been assumed that the shape-shifting
orbits make the beam almost impossible 1o

confine. But a new ULK.-led consortium of

universities and radiation oncology centers
believes it can solve that problem by circulat-
ing particles so quickly than the beam will not
have time to spread significantly.

The consortium recently recerved $16 mil-
lion to build a small demonstration nonscaling
electron FFAG, known as EMMA. at the UK.
government’s Daresbury Laboratory and
design a proton device for hadron therapy,
“Theres an element of risk imvolved.” says
Roger Barlow of the University of Manchester,
who leads the UK. project. *But I"'m confident
it will work. Its a question of how hard it will
be o get EMMA upand running,” Meanwhile,
phyvsicists at Brookhaven National Laboratory
m Llpton, Mew York, working with researchers
from industry, hope to get funding to build
their own nonscaling deviee,

If all goes as planned a nonscaling FFAG
could be treating patients at a British hospital
within 6 or 7 years, says consortium member
Bleddyn Jones, a cancer specialist at Univer-
sity Hospital Binmingham,

—EDWIN CARTLIDGE
Edwin Cartlidge is news editor of Physics World magazine
in Bristol, UK.
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Saving a Lost Culture’s

Megalithic Jars

Iconic and baffling, massive stone urns scattered across Laos may hold clues to the

rise of Southeast Asia’s first cities

KIENG KHOUANG, LAOS—"ou could casily
insert a full-grown adult into any of the dozens
of huge gray jars strewn across a windswept
promontory m central Laos, Or a husband and
wifie., for that matter. or several small children.
The hallowed corpse of a king, or shrieking
prisoners captured in battle: The gruesome
possibilities are endless. Although the ongins
of the prehistoric sandstone vessels are hazy,
divining their purpose requires minimal,
albent morbid, imagmation. “All around these
jars are graves,” says Julie Van Den Bergh,
UNESCO archacologist tor the Plain of Jars.
She and other experts speculate that bodies
were put inthe jars o decompose, and then the
remains were scooped out for burial,

The world’s biggest mortuary vessels,
some upright and some tpped over in scrag-
gly grass parched brown i the winter dry sea-
son., “are a spectacular enigma,”
Bellwood.
MNational University in Canberra. For starters,

says Peter
an archaeologist at Australian

no one knows which culture they belong to.
Their utter lack of adornment has cloaked
them in mystery. The urns presumahly were
hewn from nearby quarries, but radio-

carbon dating is all over the

———d
e
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map. So is their location: There are nearly
2500 jars, lids, and stone disks at 532 known
sites on the Plain of Jars, defined as the
diamond-shaped, 15.000-square-kilometer
Xieng Khouang Province.

A concerted effort is now under way to
save one of Asia’s enduning archaeological
riddles. UNESCO and the Laos government
have just launched a new phase of a program
to safeguard the Plain of Jars before its
nomination, anticipated in 2008, for the
LN, agency'’s World Heritage List. One task
15 to protect the Xieng Khouang Platean from
an expected onslaught of tourists, Another is
to protect the wurists themselves from unex-

ploded ordnance (LIXO) that claims dozens of

victims in the countryside each year, a legacy
of the U5, “Secret War” waged here in the
1960s and early "T0s.

Deciphering the meaning of the jars “could
shed light on the relationship between increns-
ing social complexity and megalith con-
struction,” says palecanthropologist Russell
L. Ciochon. a Southeast Asia specialist at the
University of lowa, lowa City, who compares

the jars to other enchanting and better-
known Britain's
Stonchenge and the

megaliths:

R Moai Faces of

Rapa Nui

i Easter Island). Tracing the jars’ provenance,
Crochon adds,

mto social orgamzation in prehistone South-

“would offer valuable msight

east Asia” during its transformation from a
loose collection of subsistence farming com-
miunities to o web of urban centers that traded
with China and India and also imponed their
religions, Buddhism and Hindwsm.

Drained of lifeblood

According o local lore, the jars were made
to store fan-lao, or rice whiskey, for a feast
| 300 years ago to celebrate the military victory
of King Khun Chuang over an unruly chief-
tain, Chao Angka. In the 19305, Madeleine
Colani. 2 French archaeologist, pieced together

a more macabre story. Near the town of

Phonsavan i Xieng Khouang, at Thong Ha

Hin (also called Ban Ang or Site One). one of

the bigger fields with more than 250 urns,
Colan unearthed grave goods ncluding glass
and carnelian beads. ceramic potsherds, bronze
bracelets. and spearheads. The artlacts resem-
ble those from Iron Age sites in northeastern
Thailand says Charles Higham, an archaeolo-
gist at the University of Otago in Dunedin, Mew
Zealand, who s excavating 2 Thai site from than
period. Higham pegs the Laos grave goods o
the 2nd to 5th cemunes C.E.

Colani also found charred bone and ash ina
nearby cave ina limestone hill. In a 600-page
treatise on the Plam of Jars, she ventured that
remains were cremated in the cave, which has
a meter-wide hole in its ceiling—a natural
chimney. Ash and bone were then interred in
the jars, while waols, jewelry. and other objects
for use of the deceased in the afterlife were
buried next to the jars, Colan proposed. Stone
disks served as grave markers,

Betore colleagues could probe this theory,
Laos descended into conflict. Afier 3 decades

ol internal stnte, the war in Vietnam spilled
over the border in the 19605, Central Laos
bore the brunt of U.S.-backed carpet bomb-
in all, some 2 million wns of muni-
to disrupt North Vietnamese
It’s a miracle that so

mg
Lons

supply lines, *
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many jars survived,” Van Den Bergh says.
Mot surprisingly. study of the jars lan-
guished. Things picked up againin 1994,
when Thongsa Savavongkhamdy, now direc-
tor of Laoss Department of Museums and
Archaeology. excavated several burials near

the jars. His work supported Colani’s view of

the jar fields as cemeteries. But the bone frag-
ments he uncovered were not charred. “Was
Colam nght: did they really eremate the dead?
We're not sure.” says Bellwood. Intriguingly,
even today villagers erect small stupa contain-
ing ash of deceased relatives near the jars,

UNESCO’s working hypothesis is that
bodies were placed in the jars w rot and dry
out: a ritual decomposition, or, as Van Den
Berzh calls it, “distilling the body of its human
essence.” (Lids found at other sites would
have kept out scavengers.) She cites a com-
pelling modern parallel; Cambodian, Lao, and
Than noebility for centunes have been interred
in large uns before cremation. An official at
Thailand’s Royal Palace told Seicnce thateach
previous king of the present dynasty, upon his
death, has been ]‘.n]uucl.l in a1 Sittng positien ina
large golden urn for 3 months before crema-
tion. But hard evidence for such a practice in
ancient Laos is elusive, “Whether bodies were
distilled in the jars i1s probably unknowable.”
says Higham.

The Asian megalith makers too are
inscrutable. Colamn speculated that the jars
were fashioned by a vigorous society that
mined salt. a valuable commodity, and was
situated fwvorably on caravan routes, Similar
large stone jars have turned up in the Assam
Prowinee of northeastern India. suggesting a
possible cultural connection. However, YVan
Den Bergh notes, no one has vet pinpointed a
prehistorie settlement in Xieng Khouang.

The age of the jars is anyone’s guess.,
Charcoal found just under some of them is
4000 vears old. and bone fragments from a
few burials are 900 to 1000 vears
old. The bulk of material is

between 2500 and 1500 vears
old. Although there is no way o

directly date the sandstone jars, Ciochon sug-
gests using optically stimulated lumines-
cence to date quartz erystals i sediments
underneath. In this recent technique, light lib-
erates trapped electrons from long-buried
erystals: intensity depends on background
radioactivity and duration of burial. For the
quartz trapped directly beneath upright jars.
“the last ime these sediments were exposed
to light was when the jars were put in place.”
Ciochon says. UNESCO hopes to Tind fund-
ing for such dating, Van Den Bergh says.

[t's evident than the steely gray jars in Xieng
Khouang were hewn from local rock. When
first chiseled. they would have been white or
cream-colored and sparkled in the sun, savs
Van Den Bergh. “They must have been stun-
ning,” she says, In 2000, in highlands near Site
Three, Thongsa documented the vestiges of' a

Jar factory: unfinished vessels near an ancient

sandstone quarry. The jars presumably were
rolled on logs and perhaps ferried by boat part
wary, “then finished at the site.” says Van Den
Bergh, But there were no clues w the anisans’
identities. Nor do the urns give much away.
Ofthe roughly 2000 verified jars, just one has
an image inscribed by its makers: Excavating
at Thong Hai Hin in November 1994, Eiji
Mitta, an archacologist at Kagoshima Univer-

sity in Japan. uncovered a faded bas reliel

image of the upper body of a human figure
with upturned arms near the base of a jar.
“They are very functional.” says Van Den
Bergh. “Whoever made them didn't put any
creativity into "

A handtul of lids and disks have images of

tigers and monkeys, and one disk ot Site Two
is adomed with a curious carving of a froglike
creature. Large stone jars on central Sulawesi
Island in Indonesia “also have animals on the
lids.” savs Bellwood. But there is no other evi-
dence linking the two sites.

Bellwood believes that archaeology alone
will not unmiask the jar people. But compara-
tive linguistics might. Presuming that the mak-
ers of the Sulawesi jars spoke an Austronesian
language, he argues, those in Laos might have
been an Austronesian enclave—perhaps from
central Vietnam, where the Sa Huynh culture
used burial pots some 2000 years ago. But

Jars. But there wasn’t much to know.”
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Bellwood acknowledges that he has not been
able to find any “linguistic descendents or

idenufiable place names i Laos today.™

Scientific minefield

With plenty of pueeles left o solve, UNESCO
and Laos authorities are endeavoring to keep
Xieng Khouang s treasures intact—both for
future study and to attract more tourism rev-
enue to the impoverished provinee. Van Den
Bergh'’s team has mapped the Xieng Khouang
sites and is helping officials craft a manage-
ment plan for the Plain of Jars. A new fence m
Site Three 1s keeping out cattle, which had trod
circles around jars, rubbing against them and
compressing the soil so much that some jars
subsided. Before UNESCO and Laos officials
intervened, some jars hid been cut to serve as
troughs for feeding animals or collecting
drinking water, while lids and disks became
millstones. And during the Secret War, untold
numbers of relics were blown 1o bits.

The secars of war are still plain to see.
Thong Hai Hin and surrounding fields, stud-
ded with spiky wild aloe, are pockmarked
with bomb craters a few meters deep and sev-
eral meters across, The nonprofit Mines Advi-
sory Group has cleared 175 UXO—including
bombs, rockets, artillery shells, mortars, and
20-millimeter antiairerafl rounds—from
around the jars and paths at the three main
Xieng Khouang sites. Van Den Bergh has
ensured that artifacts are not damaged during
clearance, rescuing a dozen stone tools, pot-
tery, iron knives, and bone fragments,

Although UXO make the surrounding
countryside treacherous. the Xieng Khouang
sites are becoming safer for research. That
has emboldened Van Den Bergh to hunt for a
partner on a ground-penetrating radar survey.
Farther afield. newly identified jar sites near
the capital, Vientiane, and the medieval city of
Luang Prabang are wholly unexplored. If
thats not enticement encugh for archaeolo-
zists, the jars continue w defy analysis. When
WYan Den Bergh first arrived here 6 vears ago,
she admits, “1 didn™t know much about the
And
there still isn't.

—RICHARD 5TONE
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A Voice over the Smoke for
Academic Freedom

| CANNOT UNDERSTAND WHY THE PROPONENTS OF THE UNIVERSITY
of Cabtorma (UC) ban on funding trom tobaceo companies (“UC
balks at campus-wide ban on tobacco money for research, ™ DL Grimm,
MNews of the Week. 26 Jan., p. 447) constantly muscharactenize whbaceo
company-funded research as a “collective use of sponsored research
by the manufacturers and distributors of whaceo products as an indus-
try to support a public deception about its products” That statement in
the preamble of the recent action item RE-8Y of the UC Board of

R'-.‘_L",‘ﬂlw is in nselfa l.|i.'i.'1.'|"1illll-

edgee™ and that “addresses the concern of public health ... regarding
clgarette smoking.”

[ have not deceived the public. have not promoted tobacco use,
and have not expenenced any corporate mtrusion in the collection
or analysis of my research data. Yet neither 1 nor the other 107
awardees since 19935 have ever received the opportunity to detend
ourselves against these charges.

The UC Board of Regents just has to apply the principles of aca-
demie freedom, give all awardees a vonee to contest the allegations,
and determune farrly if any public deception has actually occurred.
They will discover that the hard evidence supports the 2006 UC
Assembly of the Academic Senate resolution to assert academic free-
dom against a wbaceo fund ban. Let’s not squander the recent public
health gains against smoking by anacking the foundation of freedom

Only a handful of UC
scientists. including myself.,
have competed successtully
for tobacco company funds
to conduct. as stated in the
request for proposal guide-
lines, “the highest quality re-
search that contributes to the
fundamental scientific knowl-

“Let's not squander the recent public
health gains against smoking by
attacking the foundation of freedom of
speech and inquiry, which gave rise to
the gains in the first place.”

—Jue

of speech and inquiry, which gave rise to the
zains in the first place.
THOMAS JUE*

Department of Biachemistry and Molecular Medicine,
University of California Davis Medical School, Davis, CA
95616-8635, LUSA,

*The authar recently completed a Philip Morris—Tunded proj-
et to develop noninvasive magnetic resonance technigues to
mieasure vascular cxygen levels in tissue,

Debating Evidence for the
Origin of Life on Earth

THERE ARE TWO MAIN THEORIES FOR THE
origin of life on Earth: the *pioneer metabolic
theory™ (a hot, volcanic origin) and the “prebi-
otic soup theory™ (a cold. oceanic origin). In
their Report “e=hydroxy and c=amino acids
under possible Hadean, voleanic origin-of=life
conditions™ (27 Oct. 2006, p. 630), C. Huber
and G. Wiichtershiiuser desenibe prebiotic
synthesis experiments that are clamed 1w
“narrow the gap between brochemistry and
voleanic geochemistry.” However, no plausi-
ble geological environment could maintain
the cited conditions of 0.1 10 0.2 M KCN at
100°C. As noted by Schwartz (1), in the

“exceedingly improbable™ case that all of

Hadean Earths nitrogen was converted to
eyanide and dissolved in the oceans, a 0.2 M
evanide solution could be produced. Such

Www.sciencemag.

high concentrations of cyanide in voleanie
solutions would rapidly hyvdrolvee s 100°C
(4,2 = 10 hours at pH 12) o formamade, which
then quickly hwdrolvzes o ammonia and for-
mate (7). Huber and Wiichtershiiuser suggest
that Ni/Fe-cyvanide precipitates would have

stabilized the cyanide, but robust sources of

cvanide would be needed to produce a steady-
state concentration of 0.1 to 0.2 M KCN at
100°C, No such robust sources are known.
The proposed 75 bars CO in volcanic solu-
tions 15 also implausible, based on outgassing
madels using ordinary chondritic material (3).
MNorare such elevated CO pressures necessary;
previous experiments have demonstrated thata
rich assortmenmt of prebiotic organic com-

pounds can be synthesized using a variety of

energy sources from a modest ~1 bar CO/N,
amosphere [see () and references therein].
The compounds generated by Huber and
Wichtershiauser. as well as their relative
abundance, are remarkably similar to those

SCIENCE WVOL 315

generated previously in the “prebiotic
broth™ experiments they disparage. They
claim that the lack of tar formation (from
cyvanide polymerization) makes their results
distinct from earlier experiments, but this
difference is easily explained by the reaction
of cyanide with formaldehyde, produced by
metal-catalyzed reduction reactions ot for-
mate {generated in this case by cyvanide
hydrolysis and the direct hydration of CO).
As for their experiment 14, wherein they
clamm that no products were detected, we
suspect that if they had acid hydrolyzed the
final selution, several products would have
been identified (5). Finally. the results
reported by Huber and Wichtershiuser are
easily accommodated within the framework
of an updated prebiotic soup heterotrophic
theory in which pyrite and other metal sul-
fides are recogmized as an important source
of electrons for the reduction of organie
compounds (4). In such a model, mineral
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surfaces have the potential 1o select, concen-
trate, and organize these molecules (7).

JEFFREY L. BADA,® BRUCE FEGLEY ]R.,?

STANLEY L. MILLER,* ANTONIO LAZCAND,?

H. JAMES CLEAVES,' ROBERT M. HAZEN,®

JOHN CHALMERS?

Scripps Institution of Oceanography, La Jolla, CA
92093-0212, USA. *Department of Earth and Planetary
Science, Planetary Chemistry Laboratory, Washington
University, 51. Louis, MO 63130, USA. 'Depariment of
Chemistry and Biochemistry, University of California, San
Diego, La Jolla, CA 92093-0506, USA. “Facultad de
Ciencias, UNAM, Mexica D.F. 04510, Mexico. *Carne gie
Institution, Washington, DC 20015-1305, USA,
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Response

THERE ARE TWO MUTUALLY EXCLUSIVE THEDRIES
on the origin of life. The “ploneer organism
theory™ claims a momentary, mechanistically

definite origin by autocatalytic carbon fixa-
tion within a hot, voleanic flow in contact with
transition metal catalysts ( £), The “prebiotic
soup theory™ elaims a protracted, mechanisti-
cally obscure sell-organization in a cold
primitive ocean, in which organic compounds
accumulated over thousands or millions of
years. The expeniments under discussion have
been designed 1o test the ploneer organism
theory. and all experimental parameters have
been chosen within this framework. The criti-
cism presented by Badaer aof. 1s made from the
perspective of the prebiotic soup theory.

In agreement with the pioneer organism
theory, we used Ni#' for catalytic
purposes. These transition metals form ex-
tremely stable cvano complexes. which are
similar 1o those found in volcanic field stud-
125 2). This means that practically all cyanide
ions become Fixed as eyano ligands, with the
effect that the concentration of dissolved free
evanide 1ons in the water phase is extremely
low due to the high stability of the cyano
complexes, It is a well-established fact of
coordination chemistry that evanide 1ons and
cvano ligands have fundamentally different

ar Fe?

chemical properties. Bada er al, however,

seem to ignore this difference. They appear 1o
work from the experience of previous prebi-
otic soup experiments with dissolved free
eyanide, which did not yield products unless
the eyanide concentration in water was suffi-
ciently high (3). Therefore, this criticism
15 pointless.

We used | bar CO(Table I, run 1), and we
discussed at length that such CO pressure is in
agreement with the volcanic setting of the
proneer orgamsm theory. In other runs, we
used 10 or 75 bar CO to shorten the reaction
time. It 15 a well-established practice 1o expe-
dite reactions by increasing a parameter such
as pressure. Therefore, the eriticism of our use
of 73 bar CO is pointless. We note that our use
of | bar CO was not criticized.

Therefore, the above two points of geo-
chemical enticism do not cast a reasonable
doubt on the ability of our reactions to have
taken place within a voleanic, hydrothermal
flow system of early Earth.

We note that our critics differ from us as to
the fate of reaction products we have found.

From the poim of view of the pioneer
onzanism theory, we see our reaction products,
oe-hydroxy acids or g-amino acids [or

L L
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peptides arising therefrom (4, 5)], as exhibit-
mg positive autocatalytie feedback in situ by
providing transition metal lizgands for ligand-
accelerated catalysis (6) of carbon fixation
pathways, which constitutes evolvable repro-
duction (). Reaction products that spill out
into vast expanses of the ocean lose all chem-
ical potential by dilution and are irreversibly
lost for the arigin of the ploneer organism (7).

From the point of view of the prebiotic
soup theory, our critics see our reaction prod-
uets as entering the primitive ocean to become
additional ingredients of the prebiotic soup,
wherein after some thousand or million years,
and under all manner of diverse influences,
the magic of self~organization is believed to
have somehow generated an unspecified first
form of life.

The two theories are categorically differem
from the perspective of experimental science.
The prebiotie soup theory 15 restricted to the
testing of individual aspects of a long. pro-
tracted overall process (3). The pioneer orga-
nism, by contrast, i1s expected to be experi-
mentally realizable in woto (/).

GUNTER WACHTERSHAUSER® AND
CLAUDIA HUBER?

"WeinstraBe 8, D-80333 Miinchen, Germany, and 205 Mill
Race Drive, Chapel Hill, NC 27514, USA. *Department
for Organic Chemistry and Biochemistry, Technische
Uniwversitdt Minchen, LichtenbergstraBe 4, D-85747
Garching, Germany.
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A Clarification on Global
Access to Drugs

MARTIN ENSERINK'S ARTICLE "WHO PANEL
welghs radical ideas™ (News of the Week, |
Dec, 2006, p. 1373) misrepresents the position
of the European Commission in the important
debate on global access o medicines,

In the final paragraph, there is a reference
to the World Health Assembly {WHA) resolu-
tion establishing a World Health Organization

LETTERS

{ WHO) Intergovernmental Working Group
(IGWG) on Public Health, Innovatnon, and
Intellectual Property. followed by the sentence
“{The drug companies and the European
Commission opposed the plan.)™,

In fact. the European Commission was a
strong proponent of WHA Resolution 39.24
at last Mays World Health Assembly.
The Commission worked with the European
Union (EU) to support the resolution,
including the establishment of the WHO
IGWG. The Commission was represented at
the WHO 1GWG in December by ofTicials
from Five different Directorate Generals
who worked closely with EU Member Siates
at the meeting and actively intervened to sup-
port the process.

The three stated priorities of the European
Union at the IGWG were (i) 1o promote
research and development focused on prod-
ucts for diseases that disproportionately
affect developing countries: (i) to ensure thal
these products are affordable and accessible
within national health systems: and (iii) 1o
ensure that all countries can use the flexibili-
ties provided in international legal agree-
ments on intellectual property rights,
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Reliant
Park

Relant Park, with its 21 million gross
square feet of exhibit and meeting space
is the [argest sports, entertainment,
exposition and rradeshow complex in
the world. Reliant Park houses 4 major
facilities, Reliane Center (706,213 gef
of single level contiguous exhibit space)
Reliant Stadium, Reliant Arena and
Rehant Astrodome.
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I he European Comimission funds research
It ”...':.'l.i.'l.'l.k'LE diseases .'.|.[.l.'l.|:|'|.:.' des L'll.'l-lir!.::'

Countries, acts as i pariner in clinical t 1als,
and uses development funding and policy
access w medicines, A

Commission legislative proposal for compul-

o improve elobal

sory licensing was adopted by the European

the work ef el has published, maybe 1 can find
et al s contact information by researching the
patent and wademark office. To my sumrise, |
find no er ol listed on any patents or trade
marks. [ ¢ the work w
remain in the public domain. Now [ know |

next mentor, even it at a

uess ef af. wants all

must have of af as nny

|1|1"'|\.'\.'|"\- oo ;||'|I|1|'-||||.'-'\- loi Pecl TEVIEWEDs (8]
fund? | did notice that ¢f af. s author lines are
generally fourth or sisth. s the lack of first
authorship the reason ef al. does not receive

government-sponsored fundimg! [Uis not that er

af. is an author in all those papers only because

ol supplying key reagents or involvement in

and Council earlier
2006). The EU
of trading
all bilateral free

ANDRZIE] RYS

Protection Directlorate-General,
1049 Brussels, Belgium

Parliament
(Regulation 16
respects the right

distance. Maybe | can Find ef ol s contact infor-
mation on an NIH-sponsored research project.
Amazingly. NIH has not funded projects under
ef al. s nanme. i ad. has more than 10,000 publi-
cations on a myriad of opics, so why is that nol

this wear patient care. The days of automatic suthorship
also fully

|"|ill'|l'|l.'|"- 10 s

a5 the reward for providing key components o

| |'|I'|||l.'l. [ arg over, such '.I'I|.||'. :l.II..'.l'H A MO

compulsory licensing in consigned to the acknowledgment section.
| e-mailed my former professors o see i they
know ef afl., but 50 far, [ have not
reply, [km‘s..'.ﬂ_u'-lh' know where 1o find er al.”}

RICHARD MCDONALD

Genovar Bioscience Ltd, 22963 California Street, St. Clair
Shares, M| 48080, USA,

trade agreemenis
impressive (or sufficiently imterdisciplinary ) received a
enough to receive funding? Does er al. lack

Are etal s

Health and Consumer
European Commission, B-

Who s et al.?

ETAL'S WORK IS REFEREMCED IN DIVERSE
II:L.|r|;|I articles demonstrating techmeal and

focus in the eves of peer reviewers?

CORRECTIONS AND CLARIFICATIONS

Reports: “Ultrafast bond softening in bismuth: Mapping a
solid's interatomic potential with x-rays” by D, M. Fritz ef al.
(2 Feb,, p. 633). In the acknowledgments note (27), one of
the fundimg groups was misidentified. FLASH stands for
“Understanding Fast Light-Actuated Structural Changes.”

research abilities that cross many scientific

fields. Eral does work in AIDS research, can-

r.]H'lElaI interast. T'm,r can |.'H. .1u|.1n1111t'd through
the Web (www.submit2science.org) or by reqular

wr discoverie abetes. ceoloey, anthropol-
cer discoveries, diabetes, 2 |II_.._'~. nthr | ol mail (1200 New York Ave., NW

opy. astrophysies, ;n'n.l even in research on a 20005, USAY. Letters are not ack
worm called C receipt, nor are authors gen consulted before
publication. Whether published in full or in part,
letters are subject to editing for clarity and space.

shington, DC
nowledged upon

AR Homw l.||li s efad, don? i
Reparts: “Global-scale similaritses in nitrogen release pat-

tems during long-ierm decompasttion” by W. Parton ef al.
(19 Jam., p. 361). William Parton and Whendee L Silver
should have been listed as co=lead authors,

I could benelnt Iu m having et al.
al.? 1Feral

what does ef al. teach?

ds Oy next
mentor. But whao 1s er I5 it profiesson
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ECOLOGY

Voices from Bird Bones

Jared Diamond

aleontologists study-

ing ammal bones ex-

cavated from early
archacological sites on Pa-
cific islands have identified
many previously unknown
bird species that evidently
became extinct soon after
human arrival. Those ex-
tinctions have implications
for human history m the
Pacific, biogeography, and
evolutionary bology. Two
recent books, which com-
plement each other geo-
graphically and by chance
appeared  simultancously,
summarize current knowl-
edge of extinet birds on all Pacific island

Paul Martinson

groups except Hawaii,

Alan Tennyson and Paul Martnson’s
Extinct Bivds of New Zeafand adds 1o Trevor
Worthy and Richard Holdimway's earlier book
(/1 by illustrating New Zealand’s 58
extinet bird species. Although the most
famous of these are the grant lightless moas,
nearly as remarkable were the world’s largest
cagle (up to 16 ke) and its smallest flightless
bird (22 2). Martinsons gorgeously detailed
paintings bring home the tragie loss of for-
merly breathing real animals in a way that
deseriptions of bones cannot achieve.

The New Zealand fossil avitauna is by far
the most completely sampled in the world:
most of the extinet species are known from
bones of hundreds or thousands ol idividu-
als. and almost all modern species have been
recovered as fossils. Among the points
made in Tennyvson’s text and by Worthy and
Holdaway (/) is that the New Zealand extine-
tions were followed by the founding of New
Zealand populations of at least 16 Australian
species in response o human-induced habitat
changes and to disappearances of related
tormer resident species. Small Australian
swamphens, coots, and harners replaced ex-
tinet grant congenenc species: a coastal vege-
tarian shelduck spread inland afier the extine-
tion of the vegetarian Finsch’s duck: and
Australian pied stilis prospered as populations
of Mew Zealand black sults crashed.

The reviewer is in the Department of Geography, UCLA,
Los Angeles, CA 90095=1524, USA, E-mail: jdiamond@
geoqg.uda.edu
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Extinct Birds of New Zealand

by Alan Tennyson and

Extinction and Biogeography
of Tropical Pacific Birds

by David W, Steadmain

In Extinction and Bio-
geography of Tropical Pa-
cifie Birde, David Stead-
man summarizes  fossil
avifaunas of Pacific islands
other than New Zealand
and Hawaii, His account is
based n large part on his
own discoveries over the
past 22 vears. He persomally
excavated dozens of sites,
retrieved hundreds of thou-
sands of bones. measured
the bones of over 25,000
imdividual birds, and pre-
pared uncounted skeletons
ol modem species tor com-
parison. This monumental
rescarch program was accomplished mostly
single-handedly, against obstacles in obtain-
ing permits, finding sites, enlisting coopera-
tien of local people, and obtaining funding
from grant agencies that admire studies of

5T > FOY PN
on Stephens Island until 1895.
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Done in by rats and cats. The smallest flightless bird, Lyall's wren (Traversia
lyalli), depicted here in a colony of fairy prions (Pachyptile turtur), survived
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molecules and scorn descriptions of species.

The resulung discovenies include over 20
previously unknown extinet species now
named and described, dozens of others recog-
nized but not vet named or descnbed, and
some large peographic range extensions. Bird
species diversity and endemism prove to have
been higher. sympatric congeneric species
more frequent, and lichtless species far more
numerons than previously realized. Contrary
to the former view of pre-industrial humans as
treading lightly on their environments, human
colonization of every well-studied Pacific
island group was followed by a wave of verte-
brate extinctions.

All these discoveries represent new data
against which to test previous conclusions
about biogeography, extinction, and commu-
nity ecolozy. Throughout the book, Steadman
criticizes conclusions reached by previous
authors (especially Ernst Mayr., Robert
H. MacAnhur, and Edward O, Wilson) who
worked betore the impact of human-caused
extinction in Oceania was recognized, Stead-
man concludes that impact “revolutionizes
avian biogeography on Pacific islands.” One

might therefore expect the book to be full of

analyses of the new data, demonstrining how
earlier mterpretations are thereby altered.
Sadly, such analyses are

the obvious questions, and
only crude analyses are
offered for others—although
the book often provides
enough data o let others do
the missing calculations.
For instance.
Mayr’s conclusions about
Pacific island svian biogeog-
raphy were that an Ausira-
lian brogeoeraphic compo-
nent in the islands” mainly
New Guinea-denved avi-
faunas s strongest on Mew
Caledonia, decreasing to
the east and north (2),
and that 1sland endemism
increases with island area
and isolation (3), Other re-
searchers have concluded
that the body masses of an
pslands wp herbivore and
carnivore increase with is-
land area and possibly with
iskand age and productivity
(4, 7). Steadman discusses
none of these poims, { My
preliminary impression 1s
thant his data confirm rather
themn overturn these conclu-
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sions,) lan Atkinson (6) and others have sug-
gested that susceptibility of island birds 1o
extermunation by introduced mammalian pred-
ators depends on prior evolutionary exposure 1o
native mammalian predators and also to non-
mammalian predators such as land erabs and
kand crocodiles. Steadman provides much data
suitable for quantitative evaluation of the idea,
but he does not pursue the analyvsis bevond
an anecdotal example (New Ireland) and
some qualitative discussion. Another much-
discussed topic of avian biogeography that
Steadman does not explore is the rade-offs
between costs and benefits that lead to the evo-
lution of flightlessness in island birds, With the
author’s discoveries, the prehistone avifaunas
of the ropical Pacific now encompass the
lanzest number of thightless hirds in the world
and Steadman lists the 23 bird families that
contain lightless species. Yet he does not dis-
cuss why flightlessness never appeared in so
many other bird families, or why it evolved in
several Pacific pigeons and megapodes, only
three Pacific songhirds, and many ground-
dwelling rails but no ground-dwelling gual.
The book's most glaring omissions are sta-
ustical analyses of 1sland species numbers
8 and their control by area A, distance D, and

elevation L—despite long discussions of

those subjects. For all Pacific islands other
than New Zealand, small sample sizes mean
that their fossil avifaunas are incompletely
known and that therr actual § values must be
estimated by statistical sampling models. In
paleontology, such statistical caleulations

e.g., ones that incorporate specimen numbers
and relative species abundances recovered to
date and known sampling biases { 7)—are now
routing and mandatory, Unfortunately, none
appear in the book. Island biogeographers
routinely tease apart effects of 4. D, and L on
5 by multiple regression analyses and other
statistical methods, but the book offers no
such analyses of the prehistoric avifauna.
There are no graphs of prehistoric 8 ploted
against either £ or L. Despite a whole chapter
on specigs-area relations and their slope
(termed z), the book presents only a single
eraph (fiz. 19-14) of new fossil data adeguate
for caleulating =: that plot for prehistoric kind
birds among seven islands in Tonga yieldsa -
of (L07, virually unchanged from the modern
2 ol 0.06. Several graphs in the species-arca
chapter combine fossil and modern species on
the assumption that all existed simultaneously.
But Tennyson and Martinsons accounts of the
far-better-known New Zealand avifauna warn
us that many modem species arrived only as

or after the onginal species dechined. Its asaf

one combined the 1940 and 1980 Manhattan
telephone directories and assumed that all

16 FEBRUARY 2007 WOL 315

people in one directory shared their island
with all people in the other.

Despite this lack of supporting analyses,
Steadman offers specific but implausible con-
clusions: e.g.. that L has livtle or no effect on Sof
Paeitie islands other than low atolls: that “inter-
island distances less than ca, 100 km have had a
minimal effect on species nchness™: and that §
is virtually independent of island A for any
island exceeding some threshold A (ranging
from 1 to 5 km? in East Polynesia o 50 w 100
km? further west). Where do these detailed con-
clusions come from?

Steadman’s method throughout the book
is 1o replace quantitative analvses with anec-
dotal examples that he then overgeneralizes.
state the overgeneralizations as beliefs, and
finally relabel the beliefs as conclusions. For
instance. he often remarks that a certain
species confined today to some particular
large i1sland has been found as a fossil on one
or more smaller islands of the same archipel-
ago, then concludes that this suggests that
maost or nearly all species were formerly pres-
ent on most or nearly all islands of the archi-
pelago. The verbs believe, expect, predict,
speculate, and suspect and the adverbs possi-
bly, presumably, probably, and undoubtedly
are used throughowm the book—e.g., on the
average mone than twice per page in the chap-
ter on species-area relations—io precede
statements that scientists normally draw as
conclusions from analyses. In the final
chapter, words like *1 believe™ and “proba-
bly™ hecome scarce, and the former heliefs
become stated as facts,

Why would someone spend 22 vears exca-

ating, cleaning, and microscopically scrunniz-
ing 23,000 bird bones and then neglect modern
analbyses? The answer emerges on the first page
of the Pretace and appears repeatedly thereafier:
Steadman states his disdain for many things,
including computers. data transformations,
dynamics, elegance, equations, generalizanons,
macroecology, overall frameworks, rules, statis-
tics, and theory, He also repeatedly criticizes
conclusions by biogeographers who used these
approaches or concepts—not only MacArthur,
Wilson, and Mayr but also James Brown,
Stephen Hubbell, Mark Lomolino, Stuart
Pumm. Robert Ricklefs. Dolph Schluter,
Thomas Schoener, and (full disclosure) me.
With these selfFimposed blinders, it becomes
tragically clear why Steadman did not under-
take quantitative analyses of his own data, nor
collaborate with others who could have comple-
mented his expertise,

The data in Extinction and Biogeography
af Tropical Birds are now available for others
to analyze. But we shall have to look past
Steadman’s dismissals of surviving modern

avifaunas as unnatural and resistant to inter-
pretation at Face value. Yes, answering some
questions requires a histoncal perspective.
However, biotas are buffeted today. and have
been buffeted for hundreds of millions of
years, by impacts other than those of humans,
Living birds still eat. prey. compete. breed,
disperse—and challenge our understanding.
They remain the only hirds in which we can
study basie ecologieal processes direetly.
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PHYSICS

Astronomers’
Relativity

Peter Galison

instein’s special and general theories

of relativity began enraging people

a century ago. Although the list of
charges against them has fluctuated from
yedar o year, many return to the same
themes. Relativity is wrong, some insist, [t
Is unintuitive, too geometrical. say others.
The list goes on: General relativity uses
unreasonably complicated mathematics. It
violates Kantian philosophy. One or both
theories of relativity are correct but were
anticipated by the French mathematician-
physicist Henri Poincaré, the German math-
ematician David Hilbert, or the Dutch theo-
rist Hendrik Lorentz. Relativity s premature
demise has been announced tme and again.
Its effects don’t exist, or they do exist but
have other explanations. The sun is oblate,
thus causing the precession of the penhelion
of Mercury. Or the ether can be detected by
a souped-up Michelson-Morley experiment,
Starlight 1sn™t bent as Einstein predicted—or
it is. but that is due to the atmosphere of the

The reviewer is al the Department of History of Science,
Science Center, 1 Ouford Street, Harvard University,
Cambridge, MA 02138, USA, E-mail: galisong@fas.
harvard.edu
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Sun or Earth or some combination. When all
else fhiled, there was always the charge that
the theory was too much hke its author:
too German, or not German enough. or oo
Jewish, or too cosmapolitan,

Jettrey Crelinsten’s fascinating Einstein
durv: The Race 1o Test Refarivine tracks the
ways in which one particular community,
astronomers, handled Einstein’s relativity
theories, roughly between 1910 and 1925,
Although German and British astronomers
appear, Crelinsten’s central and most illumi-
nating focus is on American astronomers.
Among these, despite the rise of a remark-
able astronomical community (one of the
first real powerhouses in LS. science), there
were some truly unpleasant types. One nasty
prece of work. Thomas Jetterson Jackson
See, quite hated Einstein’s general theory
(oo metaphysical™) and did all he could
polemicizing, theorizing, and plaglanzing
to sink Einstein’s boat, Fired both
from the University of Chicago and Lowell
Observatory, See nonetheless got a useful
rise out of luminanes like James Jeans, who
may have been pushed toward a more instru-
mental interpretation of the theory by See’s
vituperative remarks. Another angry bee
was Heber Curtis, an astronomer who
had worked st Lick Observatory
and then went on to direct
the Allegheny Observatory.
One prominent astrono-
mer, Charles Lane Poor,
though unable 1o fol-
low the mathematics
of the theory, none-
theless detested 1t and
wrote to Curtis that Ein-
stein was “the Bolshevist
of science.” Curts for
his part contided to Poor
in May 1923, “there is ab-
solutely no doubt, in my own
mind. that a deflection [of starlight]
exists essentially as shown on his plates
[1.775]. This does not, however. make me a
believer in the theory of relativity, I am still
an irredeemable heretic, and it does not
seem now that | shall ever swallow that the-
ory unless chloroformed first.”

Orther Amernicans required less chemical
assistance to back relativity. William Wallace
Campbell, director of the Lick Observatory,
shifted toward Einstein on the basis of metic-
ulous observation. As presented by a col-
league in 1923, those Lick results indicated a
new view: “that light is subject to gravitation
and that Einstein’s law of gravitation 1s more
accurate than Newton's law.” Observation
and theory met with great precision—1."73
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predicted, 1.°72 measured. In a powerful con-
sensus, observations from both Lick and
Mt. Wilson agreed, wrning the Amencan
astronomical tide toward a broad if not uni-
versal acceptance of general
relativity. Additional support-
ing. if more complex. news
came from the results of spec-
tral-line measurements for the
gravitational redshilt.

There is something under-
standable—and nght—about
Crelinstens decision to have
his astronomical jury deliver
its verdict in the late 1920s,
With two mountains of eclipse
results on the table, the double consensus of
Lick and Mt. Wilson brought powerful
support to relativity. As one American
astronomer (Robert Aitken) put it in 1928,
“the values are in substantial accord with the
theory and ... no other satisfactory explana-
tion of the displacement is available....
Whether we like it or not, we are obliged 1o
admit that in these three instances [redshift,
perihelion, starlight] the Einstein theory has
successfully stood the test of astronomical
observations.” S0 once the jury passed its

verdiet, the theory, like an imnocent man,
wilked. No double jeopardy. In
law, ves: in science, not quite,

The problem 15 that

closure in the matter of
& LCinsteinian theory (or,
indeed. other theo-

sarily mean that the
zase stays closed. Take
the long and troubled early
history of the redshift, the
prediction that light raveling out
from a gravitating body would be moved
toward the lower end of the spectrum. If, as
Aitken claimed, the issue of the redshift
was settled by 1928, then we would be hard
put to understand the extraordinary impor-
tance accorded the Massbauver eftfect meas-
urements that R. V. Pound and G. A. Rebka
obtained three decades later when they
dropped light down the stairwell of Harvard's
Jefferson Laboratory. Experimental condi-
tions change: new and better technologies
make possible the isolation and specifi-
cation of effects,
This ramises a larger point. American
astronomers of the 19205 were keen to jetu-
son high theory in favor of pragmatic

Einstein's Jury
ceto

BOOKS ETAL

measurements. As Crelinsten relates, the
period’s astronomers “never dealt with the
deeper implications of Einstein’s 1deas.
[t was not necessary.... apart from the
few specialists who work the
equations, we do not need o
understand the underlying
concepts, nor do many of the
experts.” But is this true?
The redshift, for example.
is really probing only the
equivalence principle, not
(for example) the curvature
of space-time that 15, in addi-
tion 1o the equivalence prin-
ciple, put to the test by light
deflection. So two of the “classic™ three
experiments do not. in fact, test the same
aspects of the general theory of relativity. In
order to render a verdict, the observational
astronomical jury needed—and needs—a
specific statement of the charge it is o adju-
dicate. And that requires a command ofboth
experiment and theory.

Since the 19205, a host of other experi-
ments have gotten at other aspects of the the-
ory. Bouncing radar beams off the surface of
Venus in superior conjunction came, in the
19605, to be a probe of the nonlocal velocity
ol light as itraced by the Sun. It was cleaner.
because. unlike the precession of the perihe-
lion of Mercury, it was not so sensitive to the
precise oblateness or interior excitations of
our favorite star. Tests of frame dragging
by a precision satellite-borne gyroscope
(the general relatvity “equiv-
alent™ to magnetic interact-
ions in electodvnamics) tested
another aspect of relativity.
The slowing of binary stars explored radiation
through gravity waves—yvet another, and
quite different, aspect of general relatvity.

Crelinsten has done a great service and
deserves our thanks for tracking so beauti-
Fully the American astronomical response 1o
relativity between the wars. But the once-
and-for-all-time jurisprudential metaphor is
notoriously dangerous for science, for his-
tory, and for philosophy, New judgments
about general relativity have arisen again
and again—and will continue to arise n
the future as new charges and challenges
appear, some from deep inside the theory,
others from novel technologies or experi-
ments. From astrophysical observations to
string-theoretical calculations, the history of
our understanding of general relativity is not
vet finished. In the end, that is the greatest
legacy Einstein has left us.

10112405 kence, 1134451
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PUBLIC HEALTH

911.gov

Ben Shneiderman and Jennifer Preece

hen mdividuals need
help for medical emer-
gencies or fires, most
LIS, residents reach for their phones
to dial 911, But when natural
disasters. public health threas, or
terrorist attacks occur that etfect
thousands of individuals or more,
911 operators cannot handle all
the requests. Such disasters may
require massive coordination of
public and private agencies, plus
cooperation from millions of
cltlzens.
Public

social computing services, such

eport
Reguast

use of Web-based

Web-based communication can provide

better reporting on disasters, coordination
of responses, dissemination of information,
and social networking to deliver assistance.

CRGs could be mamtained
through user fees collected by
Internet service providers. In
smaller communities. CRGs

could be run by trained vol-

Re ies & add infi ali i . <
FERL A & s itrmaen unteers with a few profession-
Vehichs, EQupment, | Tomudo, Flocd, yals, much as volunteer fire de-
s  Darmebeskt - -] . partments new operate. Local
Infoenza, A qualty. Biclogical Chamical | [ Current Saustion 911 phone centers have annual
S ) R Guideine budgets of 5200000 1o 53 nul-
Othas. . b e i b li 131, A reasonable esti
ool e Sl W-#:H oni{fy). # rLa!h-l.I!['.IaI e esll-
Your household; 4321 Mapls dve, Colege Park MD 20742 | | emsmas s tuurie mate is that adding 911.gov
b regrtevdwin: Magle Condo e " services would do no more than

enl-Teschers
e T double these budgets.

Requests for msktance: . = = ¥yl el are are many challenee
You neigton mace S RegReS. | | Sttt memtte___ Tlu:,lw., are l_mtn}th.ullgnkt,h
L to be faced. We need w under-

as MySpace or Facebook. has
spread to hundreds of millions of
users. This suggests that local,
state, and federal agencies could
build community response grids (CRGs)
where residents could report incidents in sec-

1o requests.

onds, receive emergency information, and
request resident-to-resident assistance. The
current [nternet and World Wide Web have
prowen etfective for many purposes, but gov-
ernment agencies have been slow 1o adopt
social computing for national security, disas-
ter response, and emergency reliet (1),

CRGs should be more than an emergency
reporting service as already proposed (2).
They should also be more than the LS,
Department of Homeland Secunty (DHS)
[nformation Metwork (3). which focuses, like
some European (4) and Asian (5) imitiatives,
on networking for professionals. CRGs
would not duplicate DHSS CitizenCorps. gov,
which is designed o build local volunieer
aroups for emergency response but doesn’t
include online reporting or resident-to-
resident assistance.

Community members (who would register
in advance ) could use Web-based computers,
maobile devices, and cell phones to give and
get text messages. photos, or videos, The site
would support coordination as emerging sofi-
ware tools could enable agencies o integrate

B. Shneiderman was the founding director of the Human-
Computer Interaction Laboratory and is a professor in the
Department of Computer Science, and . Preece is profes-
sor and dean of the College of Information Studies,
University of Maryland, College Park, MD 20742, USA

*E-mail: ben@cs.umd.edu or preece@umd.edu

A community response grid. Mockup of a World Wide Web page that supports reg-
istering of households, reporting of incidents, requesting assistance, and responding

reports and prompily recognize patterns.
Civie leaders could disseminate mformation
on a street by street basis. A CRG would be
most effective ifin is used on a regular basis so
that people know about it and develop closer
community contacts. Such activities would
build trust and increase social capital that will
be neaded during major emerzencies,

Some catastrophes destroy infrastructure,
but in many situations, such as avian flu,
chemical and biological attacks, and wmpera-
ture extremes, do not. Even when there is
focused damage o communications nfra-
structure. the adjoining areas need w commu-
nicate to report and receive instructions.
As the Internet matures, its reliability will
improve, and ifdisrupted it1s more likely to be
easily restored than phone services (6, 7).

In the aftermath of Hurricane Katrina,
local libraries helped 1o rebuild neighbor-
hoods (). Atfter the Kobe earthquake (9),
British loot-and-mouth disease outbreak ( £0).
and Indonesian tsunami /1), resident collab-
orations, Internet communications, and com-
munity networks were effective in coordinat-
ing local assistance, supplics, and information
dissemination { /2). An effective, regional model
15 Craigshist.eom, which has tailored Web
pages for all 50 ULS, states and 22 metropoli-
tan regions. The California Web pages already
disseminate earthquake and weather informa-
tion, but have no reporting system.

Just as Y11 emergency phone services are
run and funded locally by phone service tees,

stand the morms and policies
that generate intense partici-
pation in groups such as
the Wikipedia community
and some health support groups ((/4), Many
online communities fail, so we must learn
what barriers reduce and what incentives
create successful community interactions
in which privacy is respected (/3). It will
be important o integrate with existing
social networking sites and local community
groups, However, developing a research
agenda, pilot testing, and phased implemen-
tation could make CRGs a reality within 3
10 5 years.
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PHYSICS

Two for the Price of One

Andrew J. Schofield

hase transitions are all around us,
whether we boil a kettle or make some
changing the temperature drives
matter from one form into another at a charac-
teristic transition temperature, It can be an
abrupt change like ice forming. or it can be
smooth hike the growth of magnetism in iron as
the wemperature drops below 770°C. Despite
the rich variety of such transitions, we have
known since the 19605 that there 15 a unifying
principle that groups tozether the smooth or

e

continuous transitions into a small number of

“universality classes™ (/). What distinguishes
between the classes s related to the energy dit-
ference between the two phases, This energy
difference defines a single energy scale that-
vanishes as the ransinon point is reached { tha
15, 1t becomes easier for one phase to change
into the other). The particular way this single
energy scale vanishes is enough w charmcterze
each universality class of transition, This con-
ceptofasingle enenzy scale was expected to be
valid even for so-called quantum phase transi-
tions (2, 33, which are induced by changing
pressure, magnetic field. or composition
tor a material held at absolute zero temper-
ature. However, low-temperature studies by
Ciegenwart & af. ona metallic magnet reponed
on page 969 of this 1ssue (4) demonstrate a
serious Failure of our understanding. They find
not one, but two energy scales vanishing at a
quantum transition,

Quantum phase trmnsitions have moved in
recent vears from mere theoretical curiosities to
subjects of intense experimental and theoretical
interest. Whereas previously it was thought that
changes of phase at zero temperature would be
of lintle practical relevance, it has become clear
that the presence of a quantum critical point at
absolute zero could nevertheless exert a pro-
tfound mfluence on amaterial at higher temper-
atures. It could, for example, make magnets
nto superconductors () and superconductors
mito novel metals (6). et the more these transi-
tions have been studied, the weaker appears our
conventional framework for understanding
quantum critncality in metals ( 7,

Within this conventional framework, even
before the transition temperature is reached
bubbles of the matter’s new form appear

The author is in the School of Physics and Astronomy,
University of Birmingham, Birmingham B15 2TT, UK.
E-mail: ajs@th.ph.bham.ac.uk
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Disentangled critical

Temperature

Magnetic metal

Quantum critical point

Physicists need to come up with theories that
explain unexpected energy changes during
quantum-phase transitions.

I Entangled critical

Magnetic field

Quantum fates. One speculative interpretation of the collapsing energy scales cbserved around the quan-
tum critical paint is shown schematically. At high temperatures, fluctuating magnetic spins disrupt the elec-
tron fluid in a disentangled critical region. On cooling, the spins may order to form a magnetic metal.
Alternatively, the spins can become locally entangled (15) with the still fluctuating electron fluid which then,
at a lower energy scale, is becalmed to form a heavy electron liguid. Why all these regions should converge

on the quantum cntical point is the mystery.

momentarily, presaging the coming change.
These fluctuations require energy, but the
“energy cost™ for these flucuations reduces o
nothing 2= the temperature approaches the wan-
sitton temperature. The fluctuations then
become critical—ever larger in size and longer
lived—umntil they dominate the physical proper-
ties, These properties tend to be proportional 1o
powers of the difference between the tempera-
ture of the material and the ransiton wmpera-
ture, It is these powers, or critical exponents,
that characterize the universality classes.

The extension of this theory to gquantum
phase transitions includes the energy cost of a
fluctuation caused by Heisenberg's quantum
uncertaanty principle. This uncertanty keeps
quantum matter in constant motion even at
absolute zeroand can become so vigorous that
it drives the melting of one form of order ino
another. At first glance, 1t appears that this is
what is happening in the compound studied by
Gegenwart and co-workers, YbRh,S1, isa del-
icate antiferromagnet where the electron spins
arrange themselves in an ordered alternating
pattern. but applying a small magnetic field
enhances the quantum agitation of the spins

untt] magnetism is destroved completely at the
quantum eritical point (&),

Yet despite being an ideal candidate for
demonstrating this theory, the material studied
by Gegenwart ef al. 15 one of a growing numbser
that seem to lie outside this established frame-
work. Previous bad actors (9, /() have revealed
themselves discretely through unusual combi-
nations of criical exponents that don’t quite fit
with the theory. YbRh,51, does this and more,
In addition to strange p:m{*r linws, Gegenwart er
af. see abrupt changes in physical properties, all
of which emanate from the quantum crtical
point in a manner guite distinet from the mag-
netic ordering transition. The changes define a
new energy scale different from that of the
magnetic fluctuations, vet simular to it in van-
ishing at the quantum eritical point. This wells us
that the wransitory appearance of bubbles of
mascent orderis not the only important physical
process occurring at the critical point and that a
theory that includes only fuctuating order will
never be enough w characterize these transi-
tions. They must therefore he outside the uni-
versality classes we have known to date and
require a new physical ingredient.
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A number of recent theoretical suggestions
might pomt to what we have missed. Theo-
retical work on insulating two-dimensional
magnets has shown (/1) that under certain
circumstances, vet to be realized in a real
material but nevertheless entirely plausible,
excitations appear at the critical point that
beur no resemblance to the Muetuations in the
ordered phases. Extending this idea to the

metal might suggest that it 1s the break-up of

the electron itselfthat is being reflected in this
new energy scale (/2).

Alernatively, this new energy scale could
be a reflection of the unusual nature of the
metallic state in YbRh,Si,. which is a mixwre
of magnetic atoms like }'i[CI'l‘litll‘.ﬂ bathed i a
fluid of metallic electrons. The fate of the

spins in materials like these has long been
known to lic in the balance between two
extremes {f3). Either the spins form an
ordered magnetic state, leaving the conduc-
tion electrons alone, or the spins and condue-
tion electrons can fuse to create a metallic
state of apparently heavy electrons, Usually it
is assumed that this second process happens

and is followed by a weak magnetization of

the resultant metal. These expeniments could
suggest that the quantum critical point is not
primarily about magnetic order at all but
rather is a transition between these two differ-
ent tates of the spins (/4) (see the figure).
Whatever the underlying cause, the theorisis

now have a clear task: Unravel the identity of

the new energy scale.
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Some Like It Hot

Sandra Knapp

an yvou imagine some of the grea

world cuisines—such as Indian, Thai,

and Korean—uwithout chili peppers?
This fiery spice has become an integral part of
cooking and culure far from its native range.
Chili peppers (Capsicum) come from the
Americas and were introduced to places such
as India and Thailand afier Buropeans
explored the New World in the |5th century.
On page 986 of this issue, Perry ef al (f)
shed light on when and where chili peppers
were first cultivated. Data from studies of
this kind may also have potential use in the
analysis of human transport and spread of
invasive species.

Capsicum 15 2 genus compnising about 25
species (2). [tis a member of the plant fumily
Solanaceae, which contams other economi-
cally importamt plams such as the potato, the
tomato, and tobacco, Brazil is the center of
species diversity for Capsicem, but many
species are also found i the Andes. Humans
have domesticated and today cultivate five
species of Capsicron, all for their spicy flavor
that comes from the long-chain amide cap-
saicin. Some vaneties of the cultivated species
(such as bell peppers) lack high quantities of
capsaicin, but the sensation of homess and the
“endorphin rush”™ induced by eating chilis
largely account for their universal appeal.

Capsaicin is a specialized metabolite that

The author i in the Depariment of Botany, The Natural
History Museum, Cromwell Road, London SW7 SBD, UK.
E-mail: s.knapp@nhm_ac.uk

15 produced in the fruits of some Capsicum
species as a deterrent 1o seed predators, Gireat
variation i capsaicin content has been intro-
duced through plam breeding into cultivated

species of peppers, but wild species of

Capsicum also have hot and mild forms (3).
Humans first exploited this metabolite in
the Americas, and European explorers and
colonists later transported this and other Mew
World plants all over the world. But exactly
when and where domestication of peppers
first occurred have proved difficult to estab-
lish (4). in part due to a lack of macrofossil
remains for these tropical plants.

Perry er al. now show that peppers were
cultvated and in widespread use across the
Americas 6000 vears ago, not only as ocea-

stonal condiments, but also as components of

a complex and sophisticated diet. The auwthors
recovered microfossils of starch grains from
grinding stones and cooking pois in archaeo-
logical sites from the Caribbean, Venezuela,
and the Andes. They found Capsicum-spe-
cific starch grains in association with maize
and maniwoe. Theirr evidence suggests that
three of the tive species of domesticated
Capsicton were cultivated together in Peru in
both the coast and the highlands as long as
4000 years ago.

As humans moved around all over the Face
of the Earth, they carried with them their
favorite foods and herbal medicines. Cap-

sicam 1s notable in this regard, as it quickly

became integral to a wide range of Old World
disciplines, from Indian cuisine to Tibetan

Studies of novel types of microfossils reveal
new patterns and connections between human
movement and the distribution and movement
of plant species, both domesticated and wild.

Diversity explained. These differemt kinds of
Capsicum, grown at the University of Wageningen
(8), illustrate the diversity of shape and color in
domesticated chili peppers. Perry et al. (1) show that
peppers have been cultivated across the Americas
for at least 6000 years.

medicine (5). Other members of the Solan-
aceae, such as thornapple and tobacco, have
also had their native distributions obscured by
hiuman transport. The scientific name Darura
was given to the thornapples by Linnacus
from the Sansknt “dhustura,” but all species
of Datera are in fact only native to the
Americas (6),

What 15 2 native range when humans trans-
port plants so far from their origins, and aler
them through selection to suit their own pur-
poses? Todav's concern over invasive species
and their threat to native biodiversity (7)
highlights the importance of understanding
how human movements and transport have
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affected distributions of plants and animals.
Species of plants introduced for a variety of
reasons have come to invade ecosystems in
alarming ways: witness Japanese knotweed in
Britain or kudau in the southern United States,
Domesucated plants have always been taken
by humans wherever they have traveled and
are mostly (but not always) unproblematic,
but these patterns can be among the maost dif-
ficultof all dismbutions w unravel. New ways
of studying ancient human use and transport
of plants can contribute to our knowleduze of
the dynamics of introductions. including the
effects of mvasive species.

Perry er al s innovative use of starch grains
from kitchen tools, coupled with their elegam
unraveling of the specificity of these grains to
domesticated Capsicum, reveals more ancient
cultivation and widespread use of this crop
plant than previously reported, It also opens up
new avenues of research into how the peoples
of the Americas transported and raded plants
of culral importance. The authors found no
starch grains of wild species of Capsicum in

any of the sites they examined, showing that
domestication of chili peppers had occurred
long before these sites were occupied and that
cultivation was routing. Where domestication
of the five species of Capsicim occurred is
currently speculative: based on modern distn-
bution and genetic analysis. C. annnn is
thought to hove been domesticated in Mexico
or northern Central America, C. frutescens in
the Caribbean. C. chinense in Amazonia, C.
Bbaccamm in Bolivia, and C. pubescens in the
southern Andes. C. baccanm and C, pubes-
coens are taxonomically distinet, but the other
three are members of a species complex and
perhaps not really “wild™ species avall,
Humans have, ina very short time, radically
altered both the charactenstics and distribu-
tions of the organisms we value. New data
types like the starch microfossils discovered
by Perry edal, have enormous potenial to help in-
vestigate the mjectones for domestication, cul-
tivation, and trade in a wide variety of crops
whose histories have remained difficult 1o
unravel due to their lack of preservation or their

PERSPECTIVES

tropical origins, Data like these will also be use-
ful beyond the study of'a few erop plants. They
have the potential to help i efforts o under-
stand the links between human transport and
imvasive species, thus contributing to the chal-
lenge of biodiversity conservation,
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MEUROSCIENCE

Where Am1?

Andre A. Fenton

he Greek philosopher Heraclitus

famously observed, “You can never

step into the same river; for new
waters are always flowing on to you” How do
we recognize a place as the same, even when
it is differem? How do brains routinely act-
vate the same representations in response to
somewhat different experiences? When is
experience the same but different, and when
is it just plain different?

Neuroscientists are getting closer to ob-
taining answers by recording the activity of
neurons in the rat hippocampus that signal the
animal’s location. One of these “place cells”
(/) only discharges rapidly when the animal is
in a specific part of the environment corre-
sponding to the cells “finng field.” The col-
lective discharging of place cells allows us o
predict the rat’s location (2) by, in a sense,
reading its mind. Knowing a rat’s location
from the activity of its neurons is astonishing
given that rats, like people, have no specific
spatial sense organs analogous 1o, for exam-
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ple, the visual or auditory svstems. Somehow
spatial knowledge is assembled by the brain,
On page 961 of this issue. Leutgeb ef al. (3)
provide the latest insight into how spatial
information is computed and transformed into
spatial awareness, or knowledge, through dis-
tinct networks of neurons in the hippocampus.

Leutgeb er af. recorded hippocampal activ-
ity while rats foraged in seven boxes that sys-
tematically varied in shape between a circle
and a square. Similar “morph boxes™ were
previously used by others w record from CA|
(#). the information output region of the hip-
pocampus. The earlier study found that a rat
forms distinct neural “representations™ (pat-
terns of activated place cells) when occupying
either a circular or square box. Neither the
fields of place cells nor their firing (activity )
rtes are related—that s, there is global
remapping of neuronal activity inCA 1 whena
rat moves between the two different box shape
environments. Moreover, only the cirele or the
square neural representation is activated for
all the morph box shapes: boxes that are more
circle-like activate the circle representation in
the hippocampus, whereas square-like boxes
activate the square representation. The activa-
tion state changes coherently across CAl

Studies in rats reveal that the key to
interpreting spatial information—where we are
compared to where we've already been—may
lie in the hippocampus.

cells. These findings suggested that the CAL
region lumps spatial information into cate-
gories (in this ease, circle or square cate-
gories), Thus, a rat perceives itself to be in
either a circular or square box and the appro-
priate spatial memory gets activated by mech-
anisms with attractor network properties. The
collective activity in a neural network defines
its state. An equilibrium state, called an attrac-
tor, is akin o a memory {J). Atractor network
responses to mput are analogous to a ball on a
bumpy surface. The network and the ball
quickly settle into a nearby attractor until the
inputs change enough w switch attractors,

In 2005, Leutgeb and colleagues (6) had
done essentially the same experiment with
morph boxes, but also recorded from CAJ,
the hippocampal region projecting to CALL
For unknown reasons, they got a somewhat
different result from the carlier study. Global
remapping occurred ata particular stage in the
morph box sequence for only a subset of cells
(“lumpers™) in both hippocampal regions,
Other neuronal subsets, so-called “splitters,”
changed by rate remapping—systematically
icreasing or decreasing discharge rates
across the morph sequence while maintaining
firing field locations (6. 7). The result sug-

16 FEERUARY 2007

47




PERSPECTIVES

948

patial information

Dentate gyrus

o o
Splits mput mlormation; encodes differentes

D Sensory information (neacortes)

ll Input into newral subnetworks in the brain

W Cortical input 1o hippocampus (17)
B B

CA3 region

W F e

Splits and lumps inform ation D

CA1 owtput information is filbered
Spatial awareness

Lumips information; encodes similarities

o 8]

Low-pass filter

High-pass filter

Thinking like a rat. Sensory information about a rat’s s patial environment (circular or square box o an inler-
mediate-shape box) feeds into three hippocampal regions of the brain (dentate gyrus, CA3, and CA1) from
the neocortex, Spatial infermation about the nature of the animal’s emvironment i encoded in the activily

patterns of neuron networks in these regions.

gested that hippocampal activity contains
information that an environment is both the
same and different relative to a previously
experienced and remembered environment.
But this posed another puzzle: To extract
either a “same™ or a “different” signal, the net-
woork must somehow coexist in the two corre-
sponding atractors. This necessiiates mecha-
nisms to segregate neuronal activity into the
appropriate lumper and splitter subgroups (4).

There is good understanding of how spa-
tial information is associated and stored inthe
hippocampus (¥, £0), buta knowledge system
must also segregate information and memo-
ries so that they can be recombined in arbi-
trary and useful ways. In the present study,
Leutgeb er af. repeated the morph box experi-
ment, this time recording from the rat’s den-
tate gyrus and CA3, The dentate gyrus is a
hippocampal region that projects to CA3 and
is thought to transtorm slightly different input
activity from the neocortex into more dis-
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tinctly difterent patterns. Leutgeb er al s latest
recordings provide evidence of two mecha-
nisms by which the hippocampus segregaes
neuronal activity o assess the same and differ-
ent nature of the ammal’s environment.

The authors confirm that CA3 place cells
respond to small deviations in the spatial envi-
ronment by lumping. In other words, the same
neuronal discharge patterns were observed in
CA3 regardless of whether the rat was ina
morphed or unmorphed circular or square
box. Larger deviations from either environ-
ment caused rate remapping in CAJ3. The den-
tate gyrus was guite different. Single dentate
granule cells had more firing fields than did
individual CA3 cells. Granule cells responded
to small morph deviations in the rat’s environ-
ment by changing both firng rates and firing
fields unpredictably, Thus, the dentate gyrus
proves a consummate nformation splitter and
the CA3 more of a lumper (see the figure).
Small changes in spatial input information

SCIENCE

caused large changes in dentate gyrus output
to CA3 but virtually no changes in CA3 out-
putto CAL

These lumper and splitter behaviors were
also evident in the temporal dimension of
processing spatial information. In addition to
place cell firing rates, the particular subset of
place cells that do or do not fire together also
signals the rat’s position (8), The likelihood
that a par of cells will fire wgether during a
short time window is measured by their coac-
tivity. The difference between the coactivity
of pairs of dentate gyrus cells grew larger as
the shape distinction between two boxes
occupied by the rat increased. The same was
true for pairs of dentate gyrus-CAJ cells and
pairs of cells within CA3, with a surprising
exception. When a rat was moved between
two boxes at the extremes of the morph
sequence, coactivity in CAJ was more simi-
lar than that observed when the rat repeatedly
oceupied only a circular or square box. When
amorph box was minimally different from
the circle or square, CA3 temporal discharge
seemed to lump, emphasizing similarity
between the two environments, whereas
dentate gyrus discharge seemed to split,
enhancing the difference,

The second segregation mechanism s
global remapping in response to large envi-
ronmental changes. Dentate gyvrus and CA3
cells also differed. Global remapping in
CA3 and CAL 1s charactenzed by a seem-
ingly random selection of the active subset
of cells: some cells turn on and others turn
off (/7). Although dentate gyrus discharge
in one environment could not be predicted
from dts activity in another environment, the
active subset of granule cells was constant,
The same granule cells were active across all
conditions, including different-sized boxes
and rooms.

Bevond these recordings from all three
major hippocampal subregions, what is
now needed are rat brain recordings from
the neccortex during the morph box exper-
iment to characterize the location-specific
neocortical inputs to the hippocampus (/2.
This will provide a complete description of
how each connected part of the hippocam-
pal circuit responds to spatial changes in an
amimal’s environment. The fly in the oint-
ment appears to be the fixed active subset
of granule cells, Only 2 1o 3% of dentate
ayrus cells are active in conditions (/3) like
those used by Leutgeb er af. IF spatial
inputs do not activate the other 97% of the
dentate gyrus, what does? This is especially
puzzling because the dentate gyrus gener-
ates new neurons throughout life and
this neurogenesis is modulated by learning
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i /4). Future work will surely focus on why
maore of apparently the same neurons seem

to have a different function,
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COMPUTER SCIENCE

Where Are the Exemplars?

Marc Mezard

s a flood of data pours from scientific

and medical expenments, researchers

crave more efficient computational
methods to orgameze and analyee . When
dealing with large, noisy data sets, scientists
often use a computational method that looks
for data clusters. In the case of gene expres-
sion with tens of thousands of sequences, for
example, the clusters would be groups of
genes with similar patterns of expression, On
page Y72 of this issue, Frey and Dueck pro-
pose anew method for finding an optimal set
of clusters (/). Their algorithm detects special
data points called exemplars, and connects
every data point to the exemplar that best rep-
resents it. In principle, finding an optimal set
of exemplars is a hard problem. but this algo-
rithm is able to efficiently and quickly handle
very large problems (such as grouping 75 (00
DNA segments into 2000 elusters). An analy-

sis that would normally take hundreds of

hours of computer time might now be done in
a few minutes.

Detecting exemplars goes bevond simple
clustering, as the exemplars themselves store
compressed information. An example with a
broad range of possible applications 15 found
in the staustical analvsis of language. For
instance, take vour last scientific paper (and
no. [ don’t really suggeest that itis a large, noisy
data set) and consider each sentence to be a
data point. The similarity between any two
sentences can be computed with standard
information theory methods (that 15, the simi-
lanty increases when the sentences include
the same words ). Knowing the similaries.
one can detect the exemplary sentences in the
paper, which provide an optimally condensed
description. I you are a hasty reader, you can

The author is at the Centre National de la Recherche
Scientifique and Laboratoire de Physique Theorigue et
Modeles Statistiques, Université Paris Sud, 91405 Orsay,
France. E-mail: mezard @lptms.u-psud.ir

thus go directly to Fig. 4 of Frey and Dueck’s
report and find the best summary of their own
paperin four sentences, But understanding the
method requires a bt more effort.

Such methods start with the construction
ol a simlanty matnx, a table of numbers that
establishes the relationship of each data point
to every other data point. As we saw in the
semantics example, 5B, A) is a number that
measures how well the data pomt A represents

point B [and it is not necessarily equal w

A fast way of finding representative examples
in complex data sets may be applicable to a
wide range of difficult problems.

SiA. B)]. The optimal set of exemplars 15 the
one for which the sum ol similarities ol each
point to its exemplar is maximized. In the
usual lustenng methods (2), one deaides a
priori on the number of exemplars, and then
tries w hind them by neratve refinement,
startng from a random initial choice,

The method of Frey and Dueck, called
afTinity propagation, does not fix the number
of exemplars. Instead, one must choose for
each pHobnt B a number P B that charactenizes

Caravaggio's " Vocazione di San Matteo.” How to choose an exemplar through message passing. The mes-
sages are exchanged in the directions of the fingers and of the glances, leading to the recognition of San

Matteo as the “sxemplar.”
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the a priori knowledge of how good point B s
as an exemplar. In most cases all points are
equally suitable, so all the numbers take the
same value P, This quantity provides a control
parameter: The larger £, the more exemplars
one 15 likely to find.

Affinity propagation is known in computer
science as a message-passing algorithm (see
the Tirst figure ) and it aims at maximizing the
net similarity. It 15 i fact an application of a
method called “belief propagation.” which
wars invented at least twice: first in communi-

16 FEBRUARY 2007 WOL 315
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Faces in a crowd. Exemplars (highlighted
by colored boxes) have been detected from
a group of faces by affinity propagation.
{Inset) A similarily matrix for a set of faces.

cation theory (3), where it is now at
the heart of the best error correction
procedures, and later in the study of
mference problems ().

Message passing can be under-
stood by aking an anthropomorphic
viewpoint. Imagine you are a data
point. You want to find an exemplar
that is the most similar w yourself, but
vour choice is constrained. If you
choose some other point A as an
exemplar, then A must also decide o
be its own exemplar. This creates one

constraint per data point, establishing a large
network of constraints that must all be satis-
fied. When the net similanty 15 maximized
with all constraints satisfied. the set of actual
exemplars emerges,

Nenw imagine that next to each point stands
a guardian angel wlling whether someone else
has chosen that point as an exemplar or not.
An approximate solution of the complicated
web of conflicting constrants i1s obtained by
having all of these characters talk to each
other. At a given time. all angels send mes-

SCIENCE

sages to all points, and all points answer to all
angels. One data point tells the angel of every
other pomnt his ranked list of favorite exem-
plars. An angel tells every other point the
degree of compatibility of his list with the
angel’s constraints, Every sent message is
evaluated through a simple computation on
the basis of the receved messages and the
similarity matrix. After several message-pass-
ing rounds, all the characters reach an agree-
ment and every point knows its exemplar. In
practice, the running time of this algorthm
scales linearly with the number of similarities,

Asanexample, affimity propagation can be
a powerful method w extract representative
faces from a gallery of images (see the second
figure). The input 15 a list of numerncal simi-
larities between pairs of data points, which
may be measured, computed using a model,
or, in the present example. set by visual
inspection (missing similarity values indi-
cated with question marks are accepled by the
algorithm), Each face is a data point that
exchanges messages with all other faces and
their guardian angels. After a few iterations
ol message passing, a global agreement is
reached on the set of exemplars,

Such message-passing methods have been
shown to be remarkably efficient in many
hard problems that include error correction,
learning in neural networks. computer vision,
and determining the satisfiability of logical
formulas. In many cases they are the best
available algorithms, and this new application
to cluster analvsis looks very powerful, Under-
standing their limits is a main open challenge,
At the lowest level this means controlling the
convergence properties or the guality of the
approximate solutions that they find. A more
ambitious goal 15 to charetenize the problems
where they can be uselul. The concepts and
methods developed in statistical physics
to study collective behavior offer the most
promising perspective in this respect. In
physics terms. beliel propagation (and
therefore affinity propagation) is a mean
field-type method (5). That is, the complex
imteraction of a given object (a data point)
with all of the others is approximated by an
average effective interaction. Although this
works well inmost cases, itmay get into trou-
ble when the system gets close to a phase tran-
sition (4), where some correlations become
extremely long-ranged. The appropriate mod-
ification, which requires using more sophisti-
cated messages, has been worked out in some
special cases (7)., but again its full range of
applicability is stll to be found,

Along with s pedagogical virtue, the
anthropomoerphic explanation of message
passing also underlines its main features, This
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strategy can find an excellent approximate
solution to some of the most difficult compu-
tational problems with a very simple recipe:
It ises basic messages which are exchanged in
a distributed system, together with simple
update rules that are purely local. This realizes
in practice a new scheme of computation,
based on distributed simple elements that
operate in parallel, in the spirit of neurocom-
putation. One might expect to find that some
of its principles are at work in living organ-

isms or social svstems. Each new successful
application of message passing, such as affin-
ity propagation. thus adds to our understand-
ing of complex systems.
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GEOLOGY

On the Origins of Granites

John M. Eiler

eology spent the 19th and much of the

20th century fighting a sciemific civil

war over the origin of granites—the
coarsely cryvsialline, feldspar-rich rocks that
make such excellent building stones and
kitchen counters, The ultimate losers (/) held
that granites precipitated from aqueocus fluids
that percolate through the crust, or formed by
reaction of preexisting rocks with such fluids;
the winners (2) recognized that granites crys-
tallized from silicate melis.

Yet, the resolution of this angument led to
various others that remamn almost as divisive,
Avre the silicate melts that give rise to granites
partial melts of preexisting rocks in the conti-

nental erust, or are they instead the residues of

erystallizing mantle-derived basalts, analo-
zous 1o the brine that is left when ice freeses
out of salty water? If granites form by crustal
melting, do they come from the sediment-rich
upper crust or from preexisting igneous rocks
that dominate the lower crust? On page 980
of this issue. Kemp er al. (3) examine these
guestions through the lens of two of the
newest analytical wools developed for the
earth sciences.

Clear answers to the above questions
have been found previously for some
extreme types of granite. There is litle
debate that upper-crustal sediments are
the sources of S-type gramtes (4)(where *57
stands for sediment) and that mantle-denved
basalts give rise o M-type granites (3) (*M”
for mantle). However, members of a third
class—the [-type (4)}—are abundam, widely
distributed, and diverse, and their origins are
up for grabs. A popular view holds that these
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granites are melts of deep-crustal igneous
rocks (hence the 17 for igneous) (4. 6). A
minority dissenting view suggests that they
are instead largely mantle-derived and only
modified by passage through the crust (7).
The stakes in this argument are high:
I-type granites (or their metamorphosed or
eroded derivatives) make upa large fraction of
the continental crust. Therefore, our thoughts
regarding their origins are key to understand-
ing the mechanisms by which the continents

San Jose pluton

The suspect. Images of I-iype granites resembling those
examined by Kemp et al. The aerial photograph (main
image) shows the San Jose pluton (solid curve), an l-type
tonalite, or subtype of granite. Such plutons commonly form
kilometer-scale bodies intruded into rocks of the upper crust, Kemp et al,
suggest that assimilation of enveloping rocks influences the compositions of
such bodies. The insets show a specimen of a similar tonalite from the
Chihuwahua Valley, California. The visible light photograph (right inset)
reveals dark laths of amphibole and hexagonal crystals of biotite embedded
in a white matrix of interlocking feldspar and quartz. The transmitted-light
photomicrograph (left inset) shows twinning, compositional zoning, over-
growths, and inclusions in plagioclase (complex light and dark pattern),
adjacent to a crystal of amphibole (brown). The micre-analytical technigues
employed by Kemp et al. aim to avoid artifacts that arise from mixing differ-
ent components of these compositionally and texturally complex rocks.

Granites make up a large part of the continental
crust. New data reveal their complex and
diverse formation history, calling for a revision
of the geolegical histories of many granites.

differentiate from the rest of the silicate eanh,
and the consequences of that differentiation
for the composition of the mantle. 11 [-type
eranites are descended from basalis, then their
formation represents net growth of the conu-
nents and net removal from the mantle of ele-
ments that are highly concentrated in the crust
{such as the heat-producing radioactive iso-
topes, K and *#U). If, instead, they form by
melting preexisting crustal rocks, they repre-
sent a mechanism by which the continents
internally redistribute their varous sedimen-
tary and 1gneous constituents.

One reason the origin of granite is such a
difficult problem is that these rocks can be
extremely complicated (see the figure) (8).
Many are composed of minerals that represent
only a component of the melts from which they
formed: some are mixtures of minerals that
grew from different melts: some contain
unmelted remnants of their sources: and indi-
vidual minerals ofien have het-
erogeneous chemical and iso-
topic compositions, reflecting
the evolution of their parental
magmas over the course of
their crystallization.

Kemp er af. (3) examine

I-type granites from the Lach-
lan belt 1n Australia. Ther
work draws on several recent
microanalytical innovations,
including high-precision, in
situ measurements of oxygen
isotope ratios with a large-
radius ion microprobe and in
situ measurements of hathium
1sotopes using laser ablation
joined with an inductively
coupled plasma mass spec-
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trometer. Sediments and weathered or hydro-
thermally altered rocks in the shallow erust
have oxygen 1sotope compositions that differ
strongly from those of the mantle and of deep-
crustal igneous rocks, Hafnium isotopes

evolve through time due to production of HF

from radioactive decay of "Lu and generally
differ strongly between the mantle (high in
Lu/Hf ratio and thus relatively HErich) and
ancient crust (low in Lw/HT rato and thus
relatively '"Hi-poor). Together. these geo-
chemical systems can measure the proportions
of recent mantle extracts versus ancient crust
and the amounts of shallow, sediment-rich
crust versus deep, largely igneous crust in the
sources of granites.

Kemp er al. make their oxygen and
hatnium 1sotope measurements on zircon, a
trace mineral common o most granites.
Zircon has long been used o determine the
crystallization ages of granites, and is increas-
ingly used to constrain the compositions of
their sources (¥). Kemp er al. show that the

oxyeen and hafnium isotope compositions of

zircoms in Lachlan I-type granites correlate
with one another over a wide range, from
compositions characteristic of the mantle wo
those characteristic of upper-crustal sedi-
ments, These trends suggeest that I-type gran-
ites form by mixing of differentiated mantle
melts with melts of the upper crust. Thus, they
represent both net crustal growth (and corre-
sponding mantle depletion) and redistribution
of existing parts of the continental crust.

The results reported by Kemp of al present a
powerfil case that we must rethink the most pop-
ular explanation of the ongins of -bype granmtes
(4, ) and recognize that [Hype granites are close
relatives of both the M- and the S-tvpe aranites
( 7) rther than distant cousins {4, &), These con-
clusions will force revisions of the geological
histones of the many places where such pranites
are found. Kemp eraf, also suggest that common
I-type gramtes represent net erustal growth and
thus should factor more extensively into esti-
mates of the rate and mechanisms of Eanh’s
chemical differentiation. More generally. the
authors expose the complex. multicomponent
origin of granites and argue forcefully against
the rigid either/'or approach most earth scientists
have taken w granite classificaton,

Kemp er alls argument that the Lachlan
[-tvpe cranite suite 15 derived from partial
melis of the mantle depends critically on their
interpretation of the major element composi-
tions of the most primitive members of that
suite. These rocks are broadly basaltic, sug-
gesting that they are partial melts of peridotite
(the dominant mantle rock type). However,
these compositions might also be formed by
high-degree melting of preexisting igneous
rocks in the lower continemtal ¢rust (/0), This
alternative scenario 1s more consistent with
common interpretations of the origins of 1-
type granites (4, A1), This question could be re-
solved more conclusively with geochemical
measurements that are sensitive to the time at
which crust is first extracted from the mantle

{ for example, osmium isotopes).

Kemp et al s model suggests that portions
of the continental crust that are rich in [-
type granites should evolve in composition
through time: The degree of melting of the
sediment-rich upper crust should merease,
and the crust as a whole should become pro-
gressively richer in juvenile, mamle-derived
material. This prediction could be tested with
larger-scale studies using the same methods as
Kemp er af. Such work would be an atractive
next step inone of geology’s oldest debates,
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BIOMEDICINE

Every Joint Has a

Gary S. Firestein

or millions of patients that suffer from

rheumatoid arthrits, simple wsks of

daily life such as tving shoes and climb-
ing steps are painful and perhaps even impos-
sible, Symptoms range from sore, stft joints
to chest pain or shortness of breath from
inflammation around the heart and lungs, The
myriad of problems result from an immune
syatem that has become confused and attacks
normal tissues. Despite new treatments for
rheumatoid arthritis that focus on controlling
overactive immunity, jeint destruction and
disability progress in many patients. In fact,
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Silver Lining

the response rates to these approaches are sur-
prisingly similar, even though they target dis-
tinct routes to the disease, such as hormone-
like molecules or distinet immune cell tvpes,
emphasizing the complexity of the condition.
On page 1006 of this issue, Lee and col-
leagues ( £) propose an alternative therapeutic
approach that targets a cell not generally
considered part of the body™s immune arse-
nal but is unique to the joint—the fibroblast-
like synoviocyte,

Susceptibility to rtheumatoind arthrins is
caused by both genetic and environmental
components, Patients with genetically pro-
grammed immune hyperactivity often pro-
duce rheumatond factors—autoantibodies
that bind to normal antibodies—sometimes
vears before the onset of clinical disease.

Therapy directed at a nonimmune cell that
is unigue to joints could suppress rheumatoid
arthritis.

Production of anti=citrullinated peptide anti=
bodies is another early disease hallmark.
Little is known about how the preclinical state
evolves to the full-blown disease, although
stochastic events such as repeated activation
of innate immunity might contribute (2),

The synovium, or lining of the joint. pro-
vides nutnents to cartilage and produces
lubricants to facilitate movement (see the fig-
ure). [t nomually includes a relatively acellu-
lar sublining layer that is sparsely populated
by connective tissue cells and immune cells
{mononuclear lymphocyies) and a thin dis-
continuous intimal lining composed of cells
that resemble macrophages of the immune
system and fibroblast-like synoviocytes. In
rheumatoid arthritis. the intimal lining is
hyperplastic, exhibiting a marked increase in

SCIENCE www.sciencemag.org
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both cell types. The rheumatoid sublining is
often heavily infiltrated with mononuclear
lymphocytes including CD4° T cells, CD20°
B cells. macrophages. and antibody-secreting
plasma cells. Macrophage-like cells in
the mtimal lining express many of the pro-
inflammatory eytokines that contribute to the
disease. Synovioeyvtes produce prodigious
amounts of proteases, prostaglandins, and
certain eytokimes {most notably interleukin-6)
that also perpetuate inflammation.

Unlike synoviocytes in a healthy joint,
those in rheumatoid arthritis are Invasive and
aggressive, reminiscent of ransformed (malig-
nant) cells (.39, For instance, they express many
proto-oncogenes characteristic of umors, can
proliferare without adhering w a substrate, and
can escape growth mhibition that contact with
other cells normally imparts. When synovio-
cvtes have been implanted with human cartilage
into mice that lack an adaptive immune system
{and therefore cannot reject the human cells),
synoviocytes isolated from theumatoid anhits
patients invade the implanted cartilage whereas
normal synoviocytes do not (£). This process
oceurs even though the svnoviocytes have not
been exposed to proinflammatory rheumatoid
synovial evtokines or cells of the adaptive
immune system for many months while they
survive in the mouse,

The pathogenesis of this unusual aggres-
sive behavior by synoviocytes is not well-
defined but it could simply represent a normal
response to the rich rheumatoid eyvtokine
environment. On the other hand, permanent
Imprinting in response to the genotoxie envi-
ronment of the rheumatoid synoviom might
account for this behavior—that is. events such
as somatic mutations and oncogene expression
could permanently alter cell behavior. Such
genetic changes in synoviocyies are reflecied
by dwsregulaed moditicanon of proteins (such
as sumoylation), defective apoptosis, and nw-
tations of the p53 twmor suppressor gene (3).
Abnormal regulation of genes that regulate
cell survival, such as PTEN and senrin (6),
might also contribuie. However, in rheumatoid
arthritis, synoviocytes are not truly trans-
formed; they ultimately senesce when grown
in culture and do not behave like malignant
cells in vive by metastasizing to other organs.

Despite these observations, mvestigators
have been unable 1o assess synoviocytes as a
therapeutic target in rheumatoid arthritis
because no agents have been available o targer
this cell type, Anopportunity arose with the the
identification of cadherin-11 as a key adhesion
molecule that regulmes formation of the syn-
ovial lining and functon of symovioeyies (7).

Lee and colleagues used several elegant
miethods o validate synoviocytes as a target in
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Rheumatoid arthritis. Synoviocoytes, which express
cadherin-11, comprise an inner membrane that lines
the synovial cavity of joints (toph. When activated by
cytokines, lymphocytes, and environmental stresses
(such as reactive axygen species and nitrogen), they
perpetuate disease by producing proinflammatory
mediators and by invading cartilage (middle, bot-
tom}. Therapy directed at cadherin-11 could interupt
this cascade by blocking synaviocyte function.

an animal model of arthrits, ineluding genen-
cally moditied mice that lack the gene encad-
ing cadhenn-1 1, cadherm- 1 1-specific ant-
bodies, and a cadherin-11 fusion protein. In
each case, they show that synovial inflamma-
tion is suppressed by blocking cadherin-1 |
function. Cartilage destruction, but less so
bone erosion, was also reduced in mice reaed
with the antibody or the fusion protein, thereby
confirming the seminal role of synoviocyies in
the tormer. These data are supported by in vitro
studies showing that cadherin=11 facilitates
synoviocyte invasion into cartilage-like exira-
cellular matnx in an in vitro model.

Animal models are not the same as human

rheumatoid arthritis, and the applicability of

cadherin-1 | -targeted therapy to this disease
still needs to be evaluated. Funthermore, it is
not elear which synovioeyte functions might
be linked to therapeutic benefit. One interest-
ing observation is that preventive protocols
are somewhat more eftfective than treating
mice that are already afMicted with arthritis.
Because the particular arthritis model used by

PERSPECTIVES

the authors requires precise localization of

autoantibodies in the joint as well as activation
of synovial innate immunity {e.g.. proinflam-
matory mast cells), disrupting normal syn-
ovial architecture by interfering with cad-
henn-11 might block events that imitiate the
disease (¥). The effect of cadherin-11-based
therapy in established disease, however. could
involve other complex mechanisms such as
suppressing interleukin-6 production or
metalloproteinase expression by synoviocyies
or by direct effects on synoviocyte invasiveness,

Distinguishing between these possibilities
will require additional work in amimal models
than reflect other pathogenic features of theuma-
toid arthnus besides autoantibody localization
o joints, [t will also be important o determine
the fute of synoviocytes in cadhenn-1 1-based
treatment protocols. Do they underzo apoptosis,
migrate out of the joint, or simply deactivate?

Another consideration is that svnoviocytes
in mwrine arthritis models do not display many
of the unique aggressive features of theuma-
toid svnoviocytes. They are generally not
imprinted and rapidly deactivate when cul-
tured in vitro, This portends well for the poten-
tial efficacy of cadherin-1 [-targeted therapy
in humans because of the possible added bene-
fit gained by blocking the more aggressive
rheumatoid synoviocyte phenotype that is not
a feature of short-term animal models.

One challenge in rheumatond arthritis is that
complete remissions from the available tar-

geted therapies oceur in only a minority of

patients. Using a series of individual biological
agents that target different cell lineages
i B cells. T cells) or proinflammetory cyvtokines
{ tumor necrosis factor) has improved outcomes
and decreased the number of patients with
uncontrolled disease. Combination therapy.
however, has been fraught with problems due o
suppressed host defense without additional
clinical benefit, One intriguing possibility for
cadherm-11-directed therapy 15 that the effects
on adapuive immunity will probably be mini-
mal. Hence, combination of an agent that inter-
feres with immune function along with another
that targets synoviocytes might achieve the elu-
sive zoals of safety and synenzy.
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Applications of Modern Ferroelectrics

1. F. Scott

Long viewed as a topic in classical physics, ferroelectricity can be described by a quantum
mechanical ab initio theory. Thin-film nanoscale device structures integrated onto 5i chips have
made inroads into the semiconductor industry. Recent prototype applications include ultrafast
switching, cheap room-temperature magnetic-field detectors, piezoelectric nanotubes for
microfluidic systems, electrocaloric coolers for computers, phased-array radar, and three-
dimensional trenched capacitors for dynamic random access memories. Terabit-per-square-inch
ferroelectric arrays of lead zirconate titanate have been reported on Pt nanowire interconnects and
nanorings with 5-nanometer diameters. Finally, electron emission from ferroelectrics yields cheap,
high-power microwave devices and miniature x-ray and neutron sources.

rom their discovery by Valasek in 1920

until about 1943, ferroclectnes were aca-

demic cunosities, of litle application or
theoretical imerest, mostly  water-soluble  and
frgabe. They were all hvdrogen bonded and were
thought 1o be essential For Temoelectricity. Dunng
the war vears, this changed upon the discovery of
the robust femoelectric oxide BaTiOy (1), whose
structural simplicity encouraged theoretical work
and whose phyvsical propertics stimulated engi-
neering devices; thus, femoclectnie oxides be-
came an “electronic ceramics” ndustry, Billions
of BaTis “condensers™ are stll made annually,
al a cost of less than one cent per capacilor, cven
including expensive Ag/Pd clectrodes.

Before 1970, the most exciting challenge in
femroclectrics was modeling fermoelectric phase
transitions {2 and discovering new ones. There
are now 700 ferroclectric matenials, many of
which are neither hydrogen bonded nor oxides,
such as GeTe, SrAlFs, or ShSE(3, 4). Because of
the high cost ol single crystals, devices were
limited 1o bulk ceramics. These were very
successiul for actuators and picroclectric trans-
ducers as well as for pyroclectric detectors. The
application to sonar was especially well funded,

The focus changed afier 1984, when thin-lilm
femoelectrics wene developed and st mtegrated
mlo semconductor chips (3). In 1994, a Gmo-
clectric bypass capacitor for 2.3-GHz operation
in mobile digital welephones won the Japan
Electronic Industry “Product of the Year™ award,
with 6 million chips permonth in production. The
polarization of a typical emoclectric is reversed
at acntical “coercive™ lield £=50kViem. Ina
l-mm bulk device, this is a 5-kV voltage un-
suitable for a mobile telephone: however, for sub-
micrometer films it is <3 V. pemmitting integration
into maost silicon chips, It is in the form of
“imegrated ferroelectrics™ that the renaissance of
ferromaterials occurmed. The fist Review in
Sedence of integrated ermoelectrics (3) was pub-
lished in 1989, and the first text on Rroelecric
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memories (6) was published in 2000 and then
transkated imo Japanese (2003 hand Chinese (2004},
reflectmg the locitons of @neatest cument activily,
Fermoelectncity s now weated by a quarmtum mech-
amcal Bermy-phase foomalsm; such an ab o mito
approach i compatible with nagnctic caleulations
in the same matenials, stimulatinge a reissance in
magntoelecine matenals that are simultancously
femomagnetic and femoclectne (7, 8L

There are several directions for femockectncs
research; substmte-flm mierfaces and hgh-stram
states, (inite size eflects, nanotubes amd nanowines,
electocalone devices, femoelectine rmindom aceess
memones (FeRAMs) dynanue mndom  access
memory {DRAM) capacitors, clectron emitiers,
weak-magnetic fickd sensors, magnetoclectrics,
and scll-assembly. Feroclectric liquid crystals
{smectic thin films) probably have a more mature
commercial product line (spatial light modukaors
and video camera view-finders) but are not
included in this Review,

A lerroclectric is zencrally defined as a
material whose inrinsic lattice polarization
can be reversed through the application of an
extemal electric field £ that is greater than the
coercive lield E. Femoclectnas usually have a
phase-transition  temperawre Ty above which
they are paraclectrie, but some do not (they meh
firsth, Adl fermoclectries are also pyroclectne, and
all pymoelectrics are piczoclectric. (The reverse is
not e Pyrocleetne Zn0 s not fermoelectric. )
Henee, femoclectrics cannot have a center of
symmetry nor can they be glasses. In their
paraclectne phase, some are centrosymimetne
(BaTiOs) and some are not (KHaPOG)L Most
femoelectnic families are not oxides, though these
are most studied because of their robustness and
practical applications. Not all solids with electri-
eal hysteresis are femoclectric: Electrets have an
exirinsic hyvsieresis due 1o mobile charged
defects, and po-junctions also exhibit hysicresis,
Measuring polarization P is ofien contaminated
with artifacts: For perfectly insulating capacitors,
apply £ and measure switched charge {0 = 274,
where P is polarization and A is clecirode area,
However, in semiconducting or lossy diclectrics
O = adlild + 20, where o is conductivity, 1 is

tme, and 175 voltage across thickness o, Real
charze s injected. Losses result i a cigar-shaped
loop that 15 unrelaed o emoelecincity, Although
one looks for Mat, saturmted hvsteresis curves,
these can be anifacts also, resulting from
saturated amplifiers. a1 in a hysteresis curve
cannol be perfectly flat: that would imply an
unphysical diclectric constant of zero.

Ferroelectric Nanostructures

There are two research and development (R&D)
thrusts in nanedemoclectrics. First, are there physical
phenomena such as orvstallographic phases or
domain structures that are stable only at these
staes” Second, are the nanoscale device propertics
qualitatively ditferent? One might examine femo-
cleetric quantum dots and conlinement cncrgics,
direct electron tunmeling, umnsual phascs resulting
fronm substrate-mtertace strim, and Imnspon proper-
tes of sermiconducting lemaelectines, Tvpical oxwde
ferroclectnes are wide-gap semiconductors with
band gaps E, = 3.5 10 4.1 eVand both electronic
and 1wome conduction, Most are p-lype as grown.
Electron mobalities are low (0.1 w 3.0 cm™/Ves)
wmic mobilitics (eo., oxyveen vacancics) are
about 107" em®/Ves: and effective masses are
high Coe* = 5.0 10 6.7 mg). Lead irconate-titanate
(PZT), strontium bismuth @antalae (SBT), and
bismuth tanate (BiT) are switching-device fa-
vorites (91, and barium strontium titanate (BST) is
wsed for nonswitching applications.

Exactly 60 years ago, Kittel published a paper
{10y showing that 180% magnetic domains exhibit
stripe widihs w that arc proportional to the square
root of the crystal thickness o w? = a'd, where ¢
expresses a balance between domain wall energy
and surface energy. More recemtly, Catalan o al.
{71y and Lukyanchuk e af. {12y have shown that
w® = ad T, where T is the domain wall thickness
and a = P2E2ILGHE [xE)e)]"? = 2455
[x(=)0)"?, where y(xp2) are the suscep-
tihilities and C03) 15 the Riemann #cta function
of power 3, This dimensionless equation 15 uni-
versal, applying equally w0 magnets and femo-
clecines (Fig. 1 A)

The Kay-Dunn Law similarly desenbes the
coercive Nield £, = i 3 and cocreive voltage
I, = b, Both of these laws hold om mac-
roscopic millimeter thickness o down to about
2 nm. Thus, surprising by, much ofthe behay ior of
nanoterroclectric domains can be denvad from
bulk classical physics. Domains are usually
studicd in [l planes, but some three-dimensional
(3D} nanodomains are shown in Fig. 1B. Domain
switching in submicrometer (erroclectrics is rate-
limited by nucleation rather than by domain wall
velocities, unlike bulk, and can be <280 ps.

Figure 1, C and I, shows nanostructures in
thin ceramic films: Figure 1C shows nanotubes
and Fig. 1D shows a 0.3 tembivinch® (Th i:::i
nancarray of Pt nanowires per PZT (1 Thin®
1600 Th/m?). In Fig. 2, more complex nano-
device structures are shown: Figure 2A i a
magnetocleciric composite ¢lectron microgaph
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(13}, and Fig. 2B shows nanowriling of pattems
with an atoamee Toree microscopy (AFMI tp (74),
Terbit ermoclectne memones are not quile 2
reality: the stne-of-the-art hard-wired device 15 a
0.3 Thin® PZT amay (/3) on Pt nanowires
encased in mesoporous AlyOy. These un-
registered 30-nm-diameter capacitors switch a
readable 2000 clectrons per bit, and fully
registered alumina pores are available. Figure 2
shows nanoferoclectrics labricated as compos-
ites (Fig. 2A), from AFM writing (Fig. 2B}, and
through a focused ion beam (FIB) (Fig. 2, C and
. Scientists in Belfast have fabricated compli-
cated 3D nanostructures, including (f4) FIB-cut
].I:l.."L'-."l..lI:IliIJI:_' :I'II.IL':I'iFI’l.Ii":',\ 1!"1:_". 2, and a 5-nm
inside-diameter PZT nanoring {Fig. 2D, solution-
deposited within a pore of mesoporous Si (17),
Using synchrotron sources (Fig. 3A), one can
study the domam structiure of such very thin films,
The 2004 32-mezabit (Mb) FeRAMs from
Sumsung (PAT) or Matsushita (SBT) are stll
ahead of the commercial magnetic
random  access memory  (MRAM)

developed, Sell<asseambly of nanoclectindes on
femoclectne Hlms (48) (Fiz. 38) 15 based on the
maode] of Andreey that such islands would repel
each other through their mutual strin interactions
with the substre. Complete regstration that s
satisfactory for commercial RAM memory de-
vices can be achieved through deposition with inent
spacers, such as subimicrometer silicon spheres.
True finitesize depolonzation effects were
onee thought, incomrectly, to ocour a1 dimensions

slightly less than 100 nm. In nanospheres of

BaTiOy, the outside shell is cubic {paraclectric)
and the interior is (/1Y) tetragonal and Fermoelectric
{ thus resembling an M&M candy ). As diameter is
roduced, the nanosphere is all cubic and not
ferroclectric. but this is just a surface chemistny
effect and not a finite size cffoct. Real finite size
elfects may occur for diameters thal are <3 nm.
Muost readers are Fumiliar with carbon nano-
twubes, These are generally good conductors,
erther metallic or semconducting, By compan-

development (4-Mb MEAM  from A
Frecscale CO, July 2006), and Sam- &
sung now has a 64-Mb FeRAM. A 1074
more advanced lermoelectric-gale -ms.l
held-effeet ransistor (FET) offers
nondestructive read  operation,  but '”351
shon retention times have thus far Eiﬂ“
precluded commercial products. £

Symetrix and Matsushita Elee- E-mﬂ-l
tromics Corporation (MEC) have B Rochelle sail {rapid cool)
produced SBT FeRAMSs with break- 1024 ¥ Rochele sall {siow cool)
down of 1.3 MVicm for the semi- ’”"l : g-?,a {P phase)
conductor 45-nm node (DRAM # PTO (u phase)
half-pitch: 2010 target). FeRAMs 100 - - - - - -
are |:'||'L1x|ui.'|_'11 at 25000 on cach 109 10! 102 103 104 108 108
g-inch Si waler, with & million ot Thickness(nm)
inonth n]IiF'IF'N."’.l. fivr :I.}'IF'IHIC'.I'Iin.H:!I?- siich
as Japonese Railroad “sman™ fare c

cards, Ramtron and Fujitsu are at
0.35pm strap-cell PET design; MEC
has produced 300 millhon umts of
SBT thin-flm imceratoed  fermoclec-
tries {1 ballion, mcluding ronswatch-
mg BST-on-CiaAs capacitons) and 1s
at 013-um stacked d=level-metal
desion. The Svmeinx 5-ns access-
time “Trimion™ cell 15 the first non-
volatile cache memory. On 15 De-
cember 2006, Fupitsu announced
production of a Mn=doped BiFe(Os
memory for the 65-nm node.

Self-Patterning

The two basic ways of fabricating
nanofemoclectiric devices are “top
down” (submicrometer lithography)
and “bottom up (sell-assembly),
The development of mesoporous
51, AL, GaN, and GaAs has
presemted expenmentalists with tem-
plates tor the later, and other tech-
nigues for coating nanowires have
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son, lerroclectre nanotubes are farly  good
insulators, When a voltage s applicd 0o them,
they expamnd, contract, or bend (piezocleciric)
First fabrcated by Hermandee: m Colorado and
Mishina mn Moscow, such oxide nanotubes have
recently been chameterized by Momison ef al.
(211, Notably, the size disribution of sclf-
msembled nano-islands of PZT in Fig. 3B is
ol a phase diagram (it is not a system in thenmal
oquilibrium). Figure 3, C o E, shows true phase
diagrams for nanoferroclectrics.

[he distribution function for fractional per-
centage w ol islands of a certain volume 1 has
ool 2 (1)

logi(w) = agl’ + byl W3

mesumed, with empincal paramelers ag, by, and o

Magnetoelectrics

Crystals whose Hamaltonians contamed  Tincar
couphng between electne polarzation P and

Lower
electrode

Fig. 1. Nanostructures in thin ceramic flms. (A) Stripe width squared divided by domain wall thickness T
versus film thickness d, showing that w2idT is constant in ferroelectrics PbTiO; and BaTiO; and in Rochelle Salt
and ferromagnet Co, demonstrating a universal law over & decades (49). (B} Plan view micrograph of 3D
nanodomains in BaTiOy (16). (C) Scanning electron microscopy (SEM) micrograph of 5rBi;Ta;05 nanotubes at
oblique incidence (20). (D) SEM cross-sectional view of 0.5 Th/in® nanoarray of Pt nanowires and PZT (15).
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magnetzation A were thought 1o be discovered in
Framce i the 19205 However, afier subseguent
data showed thar the effea was lorbidden i the
miatenials used, 1t was believed mpossible, cousing
a heatus e CCmagnetoclectriony™ RaD unul 1957,
when Moscow groups resumected the problem,
Deyaloshinskii predicted magnetocleetricity in
Cra(ly. mapidly confirmed by Astrov, and also
piczomagnetism, quickly found by Borovik-
Romanow. During the 1970s, a successful search
for lincar magnetoelectrics (“muliifenoics”™) was
led by Hans Schmid in Geneva, The priman
device interest was multistate logic elements for
computer bit storage that could be greater than
binary. As such, it was imperative 10 show switch-

il!:__' 111'Jl!;|g|1L1IL' siates with elecine fields and'or of

ferroclectric states with magnetic ficlds and the
interaction between magnetic and electric do-
maim walls. This work has had a renaissance
singe 2000, emphaszang mangancse and terbium
compounds (7, ).
Magnetoclecincity  studies emphasize wo
tenms, which are given in Eq. 2:
H=oy<P>=<M> (2)

By <Py=<MM=

Fig. 2. FIB nanoscience. (A} SEM plan view of magnetoelectric composite of CoFe;04 pillars in a BaTi0;
matrix (13). (B} Nanodomains produced by AFM nanowriting on PZT (50). a.u., arbitrary units. (C) Electron
micrograph of nanotoroid of single-crystal BaTiOy (15). (D) Micregraph of ultra-nanotoroid of PZT inside a

where s electne polarization and M s mag-
netization. The lisst werm s ool ime-reversal n-
vanant. Here, the linear magnetoelectric effect
due 10 oy vanishes above Ty (the Neel wemper-
atured or T (the Curie temperature), becawse
<M== 0); however, the quadratic term duc to
[ 15 proportional to A and remains finite
well above Ty (until 7= 3Ty in magnets such as
BaMnF g with 21 planar spin ondering ).

To switch a magnetic domain with an clectric
ficld, we need to know how much the mag-
netization A depends on the polarization P
Docs reversing £ influence M by 1,
100%? The idea that femoelectricity could
actually cause ferromagnetism (a 100% effeet)
was explained by Fox and Scoit in 1977 (2f)
and exemplificd with the BaMF, Bamily (A
Mn, Ni, Co, and Fe). By producing a weak fer-
romagnetic momen (canting of amifemomag-
netic spin sublmices) M, = al; through the
Dvaloshmskn-Moniva ansotrope exchange,
the ferroelectnic polarization can produce this
effeet m some pomt symmelry groups (e.g.. 2
in BaMnF4) but not others (e.g. 2 m BaCol ).
The angle of spin canting (3 mrad = 0.1 7° in

EDX line

mesoporous AlaOs pore (17). EDX, energy-dispersive x-ray analysis.

10, or

BaMnFy) implics a plassible value tor the an-
isotropic exchangee i comparison with ofl-
diagonal @y in other Mn'™
Fox-Scon model has recently been discussed for
BaNiFy (22).

There are antifact problems in the recem
magnetoclectric literature. Strong magnetoca-
pacitance (diclectric constant change with ap-
plicd magnetic field) can oceur merely through
Maxwell-Wagner space charge in any magne-
toresistive material (/1) This is not intrinsic
and requires no ferroclectricity at all. The ef-
feets can be huge and may explain the 450%
anomaly in cadmium (or mercury) chromium
spinel (2],

Brown, Homreich, and Shirikman showed
that the square of the magneloclectric suscepli-
bility cannot execed the product of the clectric
susceptibility and the magnetic susceptibility,
L,,L.l Fode Makmg i wsclessly weak lor
devices, However, that ignones indirect coupling
through strin, Stran coupling can be within a
sangle matenal, or it can involve two matenals in
intimate proxumity. By choosmg two matenals in
a laminated or nanostructured bimorph, one can
canse Jaree maznetostnction m, for example.
terpheny l-d, and laree piceocleanony
in, for example, PAT. The result 15 a
profotype room-temperature detector
of weak magnetic fickds—a low-cost
juncooled) replacement for supercon-

compounds). This

ducting quantum interference deviee
(SQUID) detectors. Unfortunately, the
“Holy Girail” of mulifermoics—a strong
(uncamed) ferromagnct that is also
1-I.'I'f1'|\.'t\.'L"|J't'L' al mom |.L'I'I||"L'!i.l|.ll|'L'

has et 1o be found. As a memory cle-
ment, it would |'~|.'1T1|i.l clectric write
{1F'|L"'[:l|.IHIL i.IJlLI |!I:l:_[|)L'|IL' I'I_'i.lli. L"li]'ll-
inating the need for a destructive read
(and reset) for present-day FeRAMs
and making possible fatigue-lree
memorics, This attrmctive possibalin
reguires a femoclecine that 15 also a
strong ferromagnet and has low elec-
trical conductvity at ambient  tems-
peratures. Adthough BiFeOy doped 1o
INCTEsE Tesistivity renmans a possible
candidate, fermoelectne-fermmagznetic
Muonides such as AsiMFel or KaFesFs
merit muech more study (3% where A
15 Sror Phand M is any 3d metal (Ti.
V., O or Fex these are apparenthy
femoelectric with diclectne peaks at

S50 K < T, < T4D K.

Taraidal and Circular Ordering of
Ferroelectric Domains

Muost lferroclectrics or antiferroclec-
trics order with polarizaions that are
|'|::|a.'|.|||.'| or antiparallel, respectively.
However, circular or wroidal patterns
can oceur, As Kittel first pointed out
( fth, fermomagnets in nanostae diame-

clers will order with four ™ do-
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mams, formmmg a circle, This kind of wopo-
logical span defect (vortex) was treated theoret-
icallv. by Mermun (2490 in terms of winding
numbers and s commonly found i nanomag-
nets, meluding both naturally occurring minerals
and synthetics (25).

A completely differem orgin for cincular or
toroidal donains occurs in magnetoclectnics,
cven inbulk. First analyezed in detail by Ginzburg
and by Sannikow, this is reviewed by several
authors (7, &) and subject to a flumy of recent
papers, but not yel unambiguously observed.
Such a system oflers the possibility of very high-
density (Tb/in®) memory and storage with

clectrical wnte (Fst) and magnetic read (no
reset)

Ab Initio Theory

A veritable renaissance in theoretical  ferro-
clectricity has resulted from the work by Resta,
Vanderbilt, Rabe, Cohen, Krakaver, and others
on ab initio models. These replace the semi-
classical ball-and-stick model with fully guanium
mechanical caleulations. They have proved par-
ticuladly insightful in calculating temperaturc-
strin phase diagrams for thin films (26), in

which the large stmins result from coherent
{cpitaxial) growth onto substrates with slightly

REVIEW

different lanee constants from those of the
femoelectrae film (Fig. 3, C o E) The wehnique
sulters from four himitaions: (1) 0 generally
works for zeroapplicd ficld £, although Wuer al.,
have done mite Deld caleulations (27). () Most

work is al zero temperature. (i) The number of

atoms in the programs are stll oo small even for
nanodevice simulations. {iv) I is not casy 1o
incorporate the semiconducting character of the
ferrocleetric oxides, nor defeets such &5 oxyoen
vacancies. nor gradients near the clectrode
interface.
One of the most imporant qualitative things
1o come from these new models is the prediction
shown in Fig. 3 from Pertsev and
Tagantsev ef af. (2X) that a new ac
phase occurs with polarization ly-

a pacudo-tetragonal BaTiOy crvs-
tal. It comect, this would have
been new physics, Unforunately,
the ab inino work of Vanderhih
(Fig. 3E) shows that both models
of Pertsev and Tagantsev ef al.
(Fig. 3. C and D) are qualitatively
wrong and that there s no ac
phase (7). This shows the power
ol ab mitio moedeling over more
prmitive frec-cnerey theories. Al-
though the Pertsev-Tagantsey mod-
¢l was unsuccessful for barium
titanate, & more successiul example
is PBTHOq, which in bulk has only
cubic and tetmgonal phases but in
thin film exhibits both an onho-

mu c TreTe L L L T L D LA Tree L T E T L L] LA L] I-I.!i”t]hjt rll'hlhc 1”“1 “w:u'li]]"l:l ii!l11
t 1 ' ' L ' ' R ! v ' polanzation P lies at a 43° angle
X P 1r . from cach of the two o axes of the
B 1T 1 tetmgonal precursor phase, along
5 ’ o a [H1G]) and a rhombohedral (r)
pos S 4k E phase (P along [111]). For BaTiO,
- 1F b the initial model predictions were
E : : : : that a new ae phase would be stable
o ok c as — _ m thin-film form ot zero stress, but
a - / 4t ; ab imitie caleulations (29) showed
s - 1r § that this is unlikely. The most ex-
g' : | : : '_' treme expenmental resull 15 that
= _100f N - SrTi0y. which in bulk is para-
5 4t y clectnic down to absolute zem, can
- 1+ 1 be made lerroclectric at room
i ar 1 temperature i thin=film form (360)
-200 '_ _' _" with the use of a mther new sub-

L ac J 4k - strate matenial: DyScy,.
- - 41F - Interfacial phenomena. Femro-
o T T T TS s [ o Y T PR AT clectrics are more complicated than
10 =5 0 E 10 =5 0 5 -0 -5 0 5 ferromagnets because electrical
Mhm Stmin {1D—3} msﬂt stmin {10—3} Hhm Sh.aln {1 ﬂ-ﬂ.j IMCASUTCINCNILS ISt h\? II'I:I.I.[L" an a

Fig. 3. Storage devices. (A) In-plane diffuse x-ray scattering profiles around the PbTi0; =303> Bragg peak at
549 K (33). The four satellite reflections are not Bragg peaks but instead are due to periodic stripe domains in
orthogonal directions, and the geometry reveals that polarization P lies out of the plane of the film. (B} PZT self-
assembly. AFM scan shows PZT on STi0y (18). Scale, 2.5 by 2.5 pum from left to right edge and from top to
bottom edge of panel. (C to E) BaTiO; temperature-stress diagram with ab initio results (29) (E} and results from

Pertsev and Tagantsev in 1998 (28) () and 1999 (51) (D).

www.sciencemag.org  SCIENCE  VOL 315

sandwich consisting of wo ¢lee-
trodes around a dielectric. The
interface is very complex, invelv-
in;__- :u,'n:q,_'l'lil'|'__- in the metal (30 and
mstabilities at about 3 pm ol di-
electric thickness (32), The result-
ing leakage curment in PZT films
can be Schottky-limited or Poole-
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Frenkel, and the lilms can be Tully

or partially depleted. Imerlacial A
phenomena were recently reviewed 12
(23). Early problems with Ritigue, par-

tially due o perovskite-pyrochlone 10

conversion (34) in FeRAMs, have

boen overcome. Replacement of Pt EB

by oxide clectrodes o climinate fa- o

tigue spawned a lot of good research, =

but Matsushita and Panasonic find the 4

metallic Pt electrodes on SBT 1o be

very satisfactony. 2.
Fermwlecivic superfattices. Ani-

ficially layered ferroclectric super- 0.

lattices, such as BaTiOy/SrTiddy can
produce enhanced polarization / and
dieleetric constant £. PhTiOySrTiO,
is particularly notable because ithas a
near-perfect lnttice constant match
(230, Surprsmgly, the STy polar-
rraten m BaTiOy SrTy ops from
along [0 ] o [110] in the relaxed
superlatice (36, 273, with strun en-
Ceray overcoming clectmstatics,

A related wopic s periodically
poded crvstals of LiNbOs and other
nonlinear optical matenials (38),
Here, the superlattioe consists not of
different chermcal compositions such
as BaTiOs'SrTicy, bt of +P and —P
domains, providing efficient phase-
matching for nonlinear optics. The
quest at present is o produce sub-
micrometer wavelengths and to un-
derstand dommain widths and stability.

Ulreashin single crvstals. The use
of focused ion beams to cut nanofermo-
clecirics was pioneercd Iy Ramesh's
group in Mary land for ceramic lilms
bt |'I_‘C|:J'|1]} extended 1o hi]lgh_' CTys-
tals of BaTi(y (39 1w chamcterize
single-crystal capacitors of thickness
down 1o about 63 nm. This has shown that ¢f-
fects of Cune temperature shilt or diclectric
peak broadening are extrinsic, contrary 1o the
previous comventional wisdom,

Short-Term Applications
Electrocaforic cooling for mainframes and
mricroelectrie motors. The fact that ferroclecines
can be cooled by applving an clectne ficld w
them under certain conditions is termed  the
“electrocalone effect.” Using thermodynamics
and the idea that entropy decreases under applicd
held £, one hnds a temperature cooling of

AT =T, =R~ (3
where ¢ is specilic heat at constant polarization
£ oand [ is the P coefficient in the free energy
Gy = alT— TOP” + B, so that AT is often
measured Trom P eather than direetly. Eleciro-
caloric cooling was studied 19605 to 19705, bt
the effect was small in bulk (a few millikelvin
per volt), Rccunll; however, Mischenko ef al,

AE [®V cm™1)
480

150 200
T(*C)

measurcd AT = 12 K at 25 Vacross 350 nm lor
coolmg (Fig. 4 A0 i fermoelectne thin lilms (0],
sullicient 10 design a prototvpe cooler for
computer mamirames,

Electron emission from  ferroclectrios. The
fact that lermoselectrics emit copious  ¢lectrons
from their surfaces dunng switching has been
known for many vears. First discovered in
Michigzan by Rosenblum, this phenomenon was
later investigatod extensively ol Centre Européen
pour la Recherche Nuclemire (CERN 14 ) and in
France, Poland, [smael, and the Unned States. The
prototy pe use as a synchronized, pulsed electron
source for accelertors was investigated, includ-
ing the extension o I channelplate structures,
Cuments of tens of amperes have been obtained
with synchronized, monoenergetic pulse lengths
of 100 ns to | ps. These are superior
thermionic cathodes in that they have |'|1':.__r|h:|
curmrent densities and lifetimes and also have
instant tum-on (hermionic cathodes requine 2
warm-up). The errodectric cleciron eminers cin
be operated i a poor vacuum and require no

250 nm

Fig. 4. Applications. (A} Electrocaloric effect in PZT (39). (B} SEM cross-section of 32 Mb Samsung PZT FeRAM
{52}, (€} SEM cross-section of ruthenium nanotrenches in Si (53). (D) e-beam lithography. Plan view shows PZT
capacitor array (54).

separate activation progess, The commencial
drawbacks arc that the imense clectne lickds
cause micrecracking and device failure and that
the effcet s poorer n thn [lms than m balk.
Morcover, no unambiguous theorctical model
has been accepted for the basic cmission proscess.
Microscopic mechanisms remain debatable, Al-
though ficlds of £= 10" Viem are required, this
is only 50V across 50 nm. readily obtainable in
eood [ims.

This 15 an unexploited device area for which
commercial development of miniawre  high-
power microwave devices could be made within
a few vears. Samsung explored in the 19905 the
wse of this pheromenon for nanolithography
{421, Most recently (in 2005), this clfect was
wsad by Putterman’s group for a kind of cold
fusion (4.5), as a minisurized source of x-rays
and neuirons.

Buse-metal-elecirade capaciiors,  Barium-
tizmate-based coramic capaciloss are a com-
maodity and account for the bulk of all condensers
wsed in clectronics (hillions per vear), These are
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multilaver capacitors with Ag/Pd ¢lecirode
stacks, Present eflonrts are 1o imcrease high-
voltage pedformance 1o higher breakdown voli-
ages and 1w further reduce costs by replacing
silver-palladium with base metals, especially
nickel. The clectrode separation o varics from
submicrometer 1o about 20 pm. Recently Milliken
ef af. have shown (44} that the breakdown field
varies a5 the de themmal model predicts (ignoning
transient effcets of applied feld ramp rate): Eg =
eyl ™" for thicknesses above | pm, but no theory
cxists for the submicrometer-spaced devices, lor
which electrode surface roughness may be the
limiting parameter. Progress can be expected in
this high-volume commercial area in the next 3
years: Ni replacement, higher-breakdown devices,
and a reliable theory for both Ni-BaTiO; imer-
faces and the nonmonotonic dependence of
breakdown voltnge on the elecirode separation
o, This has not been a wmendy research anca n
universities, but the financial pay-ollis potentially
huge. Ancther major commercial arca, not
reviewed here, 5 piezoclecine aclumons, Most
preapelectres ane fermoelectne, and new “relaxor”™
fermoclectrices such as lead magmesiom miohate
compounds achieve 2% strin, about 10 times tha
in conventional femockeetrics. The most valuable
application arca 5 fuel injectors Tor automaobile
CNZINGs

Phased-grray radar, Thin-film fermoclecines
exhibit a large decrease indiclectric constant with
application of modest voltages. This suggested
that they could be used as the active phase-shift
clement in phased-array radar, a project studied
carctully by rescarchers at Grumman and TRW
in the United States and by Vendik's group in
Leningrad. Unforunately the dieleciric loss tan-
gent in these films remains o large for accept-
able insertion losses in such devices, so nothing
has been made commoercially, A slaiis repon was
published recently by Miranda of af. (435).

Future Prospects

Hybrd devices combmimg  preeoclectne nano-
tubres with carbon nanowines will appear in 2007,
SNy dielectric capacitor tips on carbon nano-
tubkes exist (46), and my group has put PET tips
on a registered amay ol carbon nanowbes,
Commercial ferocdectnie cells (up o 64 Mb) in
FeRAMs ane 004 pm (0,12 mm thick) in ceramic
fomn (Samsung: Fig. 4B), 035 pm (Fujitsu). and
003 o 008 pm (Matsushita) thinner samples

www.sciencemag.org  SCIENCE  VOL 315

sulfer from wnneling currents but may be uselil
for 3D DRAMs (Fig. 40). Single crystals af =50
10 70 nm and films of =2 nm are under study, as
are piezoclectine 3D nanowbes for microlluidics.
Atwomizers for imsulin inhalers (e.g.. Plizer
“Exubera,” 2006} require small particles or
droplets of uniform diameter, and the LS. mar-
ket for diabetes products (190 million cases
worldwide) is 825 billion per year Alhough
microfluidics (including ink-jet printers) favor
piczoclectric tubes of micrometer-sized dinme-
ters, microclectronics may exploit the smaller
S w0 10-nm-diameter rings and wbes shown here
for DRAM renching, with PZT/Pr-nanowire
arays recently giving nearly | Thin® nonvolatile
memory armys. Read-write speeds ane already as
st as 280 ps for laboratory devices, but sense
amplificr realitics and bit-line capacitance limit
commencial FeRAMs 1o aboul 5-ns access time.
e-beam hithography (Fig. 4Dy sull leads self-
assembly wwechmigques for the regstration reguired
forcommercial mmndom access memornies, but sell-
assembly with high regstmaton will evenally
win oul, FeRAMSs are way ahead of MEAMS, but
multifermoie memories with electical write and
magnetic read operations may vet blossom.
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Predation Risk Affects Reproductive
Physiology and Demography of Elk

Scott Creel,* David Christianson, Stewart Liley, John A. Winnie ]Jr.

nducible defenses (changes in morphology

or behavior in response to predation or herbive

ory) reduce an individual’s valnerability o
predation but camy costs that select against their
expression when predation risk is low. For plans
and inverichmtes, the costs of inducible defenses
have impomant effects on demography and com-
munity structure (/). Elk (like most venebrates)
alter their behavior in response to prodation nisk,
and these antipredator respornses are analogous
tov inducible detenses moplants and aquatic mver-
tebrates. Nonctheless, analyses of woll=clk dv-
mammics have focused on direel predation, enonng
the potental elfects of antipredator behavior on
dwvnamics (24, This s surpnising, because the
ellect of changes i elk behavior on plant com-
mumitics has been discussed extensively [ee. (3],

Elk behan or responds to the presence of wolves
on 4 spatial scake of several Kilometers and a time
scake of minutes o days (6-8) Wolves were nein-
trodduced 1o the Greater Yellwstone  Ecosvstem
(GYE, United Stes) m 1995 and 1996, followed
by smphkl growth and peogrphic expansion of the
woll population and a concurrent decline in local
clk numbers (9). In the Gallatin Canyon portion
of the GYE (£/0), predation nisk from wolves varies
spatially and temporally ( 7y, and ek respond 10 the
presence of wolves by aliering pattems of aggre-
gation, habita sclection, vigilance, foraging, and
sensitivity 1o environmental conditions (6-8). For
all of these behaviors, females produce signifi-
cantly stronger antipredator responses than males
(7, &), and females Fall prey 1o wolves less ofien
than males [in fig. S1, ¢~ = 194.8, degrees of lree-

dom (di)=2, &= 124, and £ = 0.0001 ). Here, we
show that these antiprodator Fesponscs ane asso-
ciated with costs that can be measured by changes
in reprocluctive physiology and demography.

In the GY'E, elk populations mix in the sum-
mer but occupy discrete winter ranges with rela-
tively little movement between populations (8).
Elk-woll mtios vary substantially across winter
ranges (Fig. 1), Elk-woll ratios are gencrally low
in the center of the ceosystem and high at its edge,
where woll culling s comumon and woll ocoupan-
ey is sporadic, We assessed elk reproductive phiyvs-
whogy by usmg cmeyvme-lnked  momumosorbent
assay (ELISA) o mcisure progestenne conden-
tratons for 1495 fecal sumples fom populations on
five winter mnges, 20022006 (/). Acoss pop-
ulations and vears, mean focal progesterone oon-
centrations comelated strongly with elk=-woll mitios:
Low progesterone values were associted with
heavier predaton presure [in Fig 1A, adjsted cor-
rekition t:;“] =054, F 3= 176, and P= 00011 .

The recruitment of calves dechned sigmbficantly
in two of these populations sinee local recoloniza-
tion by wolves (4, &), and progesterone concen-
trations were correlated with call recruitment in
the subsequent year (in Fig. 1B, :-Ekﬁ 03251
6,00, and = 0.032). The lowest observed pro-
gesterone concentration was associated with the
lowest calf~cow ratio (8 calves per 100 cows),
which was the lowest of 20 calf-cow ratios mea-
surcd for that site over a period of 37 years, The
highest progesterone conceniralions. were asso-
ciated with call-cow mtios above 30 (typical of
growing populations) and with estimated preg-

™ o
ii e 8 ;.hnn
1 e
je" . =
Rali - ot Flato
A
"o .r;‘-u — 1200 oo Fig. 1. (A) Regression of elk mean fecal progesterone
g concentrations on predation pressure, measured by
s elk-wolf ratios, for five elk populations, 2002-2006.
1= (B} Regression of calf-cow ratios in the subsequent year
4 "o on mean fecal progesterone concentrations. () Re-
-y G gression of calf-cow ratios in the subsequent year on
2: :;: predation pressure. (A) does not include one point
= e » 8 [mean = 1335 ng progesterone (P4¥mq dry feces] for
= | which wolves were absent and the log of the elk-wolf
a 5] hl== ) 1500 Fure ) Fetial i s a)

ahon ol eyt o
(g Py iy e

ratio was consequently undefined. (B} and (C) do not
include two points sampled in 2006, for which sub-

sequent calf-cow ratios are not known. Data point shapes denaote different elk winter ranges within the GYE.
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naney rates near VOO (), Lastly, call-cow rmatios
correlate directly with predation pressune (in Fig,
1C, rz.,& =058, Fy = 1295, and P= 0.004),
Although comelative, these resuhs sugeest tha
woll predation has indirect effects on elk dynamics,
driven by costs of beluvioml defenses than alter
reproductive phiysioloey and  demography. Recent
declines in call necruitment (24, 8) are ot well ex-
plained by density dependence, bocause these pogp-
ulations have recently boon stable or doclining. We
have previously found that bocal winter severity is not
a good pradicor of recent shifls in ek demograply
and dynamies, and winters were locally mikd over all
vers of this study (). Lastly, data from radioagged
clk ealvies on the Gallatin Canyon site showed that
pone were killed by wolves in their first sunimer and
fll (V= 30 calves, 13 mortalitics). A kinger sunple
ol radioageed calves on Northem Range of the
OYE also showed Intle woll predation on calves
befowe ther first winter (£F ) Together, these studies
detected very low mues of direct woll predation
on calves before carly-winter calGeow estimates.
The beneht of anbipredator behavior 5 a de-
creased msk of prodstion, and this s meomporated
automancally o measures of the direat e of
predation. In contrest, most analyses o vertehrate
predator-prey dynamics do not account for the costs
of antipredator behavior, Without considemation of
the indinect effeats of prodation, it s likely that de-
crcased reprduction would be mistaken o botiom-up
limitation by resourees. Our data show that the re-
productive costs of antipredator behuvior can be lanze,
with imgwortant consequences for prey dynamics,
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Pattern Separation in the Dentate
Gyrus and CA3 of the Hippocampus

Jill K. Leutgeb, Stefan Leutgeb, May-Britt Moser, Edvard I. Moser*

Theoretical models have long pointed to the dentate gyrus as a possible source of neuronal pattern
separation. In agreement with predictions from these models, we show that minimal changes in
the shape of the environment in which rats are exploring can substantially alter correlated activity
patterns among place-modulated granule cells in the dentate gyrus. When the environments are
made more different, new cell populations are recruited in CA3 but not in the dentate gyrus. These
results imply a dual mechanism for pattern separation in which signals from the entorhinal cortex
can be decorrelated both by changes in coincidence patterns in the dentate gyrus and by
recruitment of nonoverlapping cell assemblies in CA3.

he fommanon ol discrete representations

I in memory s thought 1o depend on a
pattem separation process whenehy corti-

cal mputs are decormelaed as they enter the carly
stages of the hippocampus (7<), Thi newronal
mechanisms of hippocampal pattern separation
have remamed clusive, however In panciple,
new  representations could be distinguished
merely as a result of attmctor dynamics i the
associative CA3 natwork (f-3. 5-7). but be-
cause CA3 cells are strongly controlled by other
C A3 cells, via recurrent collaterals, the CA3 arca
on its own may have limited ability 10 gencrate
new representations in response o weak

Centre for the Biolegy of Memary, Norwegian University of
Science and Technology, 7489 Trondheim, Norway.
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Fig. 1. Place-specific firing in (A} the
pyramidal layer of CA3, and (B) the
granule layer of the dentate gyrus. (A}
and (B) were recorded simultaneously
irat 11215} (See fig. 51 for additional
electrode positions from this amimall.
(Left) Recording locations (arrow) identi-
fied by following the electrode tracts
through serial cresyl violet—stained sec-
tions. DG, dentate gyrus. (Middle) Cluster
diagrams showing separation of extra-
cellular action potentials (spikes) when
the animal foraged in a square box for
10 min or when the animal slept. Scat-
terplots show energies (sum of squares)
of waveforms on two recording channels.
Each dot represents one sampled spike.
Distinct spike clusters {each correspond-
ing to one putative cell) are assigned a
unique color that is consistent across
pairs of cluster diagrams. Insets show the
spikes from the red cluster superimposed
on the rat's trajectory (gray) during food-
maotivated running in a square enclosure,

changes m cortical mput, Instead, small changes
might result in the retreval of similar panems
that have already been stored i the network
(pattem completion) (F-3. 5-9. The formation
ol nowvel discrete representations would benelit
strongly from the existence of an additional
neuronal laver, upstream of CAS3, where small
differences between incoming signals could be
augmented before the mput s presented 1o the
associative network, The dentate gyms has been
proposed (o serve such a funcion (f—4). On the
basis of analogies with the cerebellum (ff-12),
it has been suggested that, in the dentate gyrus,
input from the entorhinal cortex is dispersod
onto a more extensive laver of sparscly firing
granule cells, enabling cach granule cell o carmy
only a small and disunet fraction of the wal
input { /). By way of the sparse level of firing in
the granule cell population (13, f4) and the

/

ch.  {enargy)

loraging

i 1 jemergy)

ch. I (enoigy)

sparse connections between the granule cells
and the pvrmidal cells in CAJ (13), the seg-
regation of incoming  mputs from the cortex
might be retamed as the imputs enter the CA3
network. The proposed role of the dentate gyrus
in pattern separation can be tested experimen-
tally by measuring the ability of dentate neurons
to disambiguate small differences in cortical
input patiems. In both the dentate gyrus and the
CA arcas, the principal cells have spatial re-
ceptive fields, i.c., they discharge only when the
animal is in particular places (f3, /4, £7). In the
CA arcas, pattern scpartion is expressed in
place cells as a substantial reorganization of the
collective firing paticm {“remapping”™) that is
induced when sensory or motivational inputs 1o
the network exceed a certain difference thresh-
old (/8-25). To csiablish whether a similar
ablity o distmguish overlappmg mput pattems
s expressed mothe dentate gyvnus, we compared
the transformation of representations in the
demate gyrus and CAZ under conditions where
sensory mpul patlems wene made progressively
more different.

Six s were raned o run in squane or
circular enclosurcs, During runming, spikes were
sampled from putative pyramidal oclls in CA3
(=216} and granule cells in the dentate gyvmis
(=67 (Fig. 1. A and B, and fig. 51 and able
S1) (25). In five of the animals, data were
recorded simultancously from the two arcas, The
number of active cells was lower in the dentate
gyrus than in CAY (25), which confirmed
previous indications of sparse firing in the
granule cell population (£3, /4), but among
those neurons that were active, the peak firing
mics were similar in the two hippocampal
regions ¢ = 095 df = 94, pot significant n.s.)
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(Right) Wavelorms of spikes from the red clusters (means + standard deviation). Bottom of each panel, representative EEG trace from the indicated recording site

during foraging in the box.
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(table 513, The majority ol active cells exhibited
strongly localized firing in both areas. O the 71
active CAJ cells, 62 (87.3%) had localized
fiing: 58 cells had a single field and only 4
had more than one linng Geld (Fie 1AL O the
44 active demate cells, 41 had finng ficlds. The
majority of these cells fired at multiple places
[16 had single ficlds, 13 double ficlds, 8 wiple
ficlds, and 4 quadruple fidds (Fig. 1B and fig.
S21) (43, 14) The distribution of the multiple
firing fcbds was generally imegular (Fig. 1B).
Pattern separation by changes in spatial
and temporal ceincidence. We compared the
activity of simulancously reconded principal
neurons from demate gyrus and CA3 during

Fig. 2. Changes in rate A
distribution in CA3 and
dentate gyrus during
progressive transforma-
tion of the recording
environment. (A) Cels B

10 min

incremental transformation of the recording
environment, Five s were first tramed
square and circular versions of @ recording
enclosure with flexible walls, with the wo
versions presented morandom order (26) (g,
£3). The box was then tmnsformed. through a
serics of five imemmediate shapes, from the
square shape o the circular shape (n = 37
demate and 170 CA3 cells) or viee versa (i = 66
dentate and 186 CA3 cells){Fig. 2A; fig. 54 and
55). The transformation was accompanied by a
progressive change in the fining rate distribution
of cells in both CA3 and demate gyrus. In the
demate gyrus, the multiple firing ficlds of cach
cell changed noncoberently; some were most

active in the initial shape, others in the middle or
final shapes (Fig. 2, B and C). These differential
changes resulted in a strong decorme laon of the
rate distnbution of individual cells between even
the closest shapes of the momph box. The rate
distribution changed independently of the order
of the box shapes ( fig. S6), unlike the liring mates
in CA 3. which exhibited hysteresis (Fig. 2B and
fig S6)(26).

To examine how the decomrelation of dis-
charge patterns in the demtate gyrus might
influcnce CA3, we cstimated the cumulative
change in population output from the dentate
gyrus as increasing degrees of dissimilarity were
introduced between pairs of test boxes.

(7] @@@@E day 1: morph

iOmin 1MWmn f0min 10mn 10min 10mn 10 min

@@@@@ @ [7] @ day 2: morph reversal

were recorded consecu-  [opas
tively in seven shapes of
an enclosure with flexi- cellct:
ble walls, starting with a i 11215
square (1) and ending -
with a circle {7}, or vice -
versa. The initial shape
was finally repeated (1),
(B} Firing fields for a
representative CA3 cell | celfd1:
itop, purple box} and a rat 11215
simultaneously recorded F
cell in the dentate gyrus o
(bottom, green box).

DG
5 &
]

K.

Sl

e rrillr
trer e 9008 ERE

“n-f’hh o

A

el 1 F 1T 3
o 1 1 1 1.1 .8:F ]

25 Hz

16 Hz

iLefty Trajectories with

spike locations; (right)

carresponding color- shape
coded rate maps. The 1 2

color scale is from Blue  |cpa

isilent) to red (peak . - is

rate), with pixels not @ @ J@ @ @) / h e

visited shown in white. N ;' e e ;5 3 ;

The rate maps were ool o1 rat 11216 S, 12345

scaled to the maximum

fiing rate within the |DG

entire testing sequence. r . e, e o e (B ! = e !

Peak rates are indicated CEEA) YA 00\ SR0) PR o) ER ; /\J ¢

to the right. The com- Ic % | : ol - ' " jaﬂu;us' EFETET] 12':4 31:'5,_;' ]
plete set of active cells is cell d1- raf 11215 whapa

shown in fig. 54. (C) Dif-

ferential rate changes in

individual firing fields of | _ Q : o §3 & ¢ ; |
the cell in (B) and two e% | C: i ;ii : p 2 .
additional representative SE7) G0 o 1934887 1334887 1934887 1asaser
cells from the dentate | colf d2: rat 11292 e

gyrus (from different ani-

mals). Individual fields . e i 3 J

of each cell are outlined | "% e 3 o :-’/"\ 1

in different, but consist-  |(SIEE (GRS 7 j! J 1 X

ent, colors throughout | oo o . 1234687 1234501

the morph sequence.

(Right) Line diagrams

for the mean firing rate (red curve) in each individual firing field (box outlines have the same color as the corresponding firing fields), The rates were fitted
to sigmaoid, linear, or quadratic functions. Curve fits are only shown when significant (in black). The best fit was linear for 30 fields, sigmoidal for 21 felds, and

quadratic for 8 fields (r = 122).
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Composite population vectors ware constructed
for each box by stacking the mte maps of all
cells e a three-dimensional matnx with the
two spatial dimensions discretized along the x
and v axes and cell identity represented on the
axis (Fig. 3A). For cach pair of environments,
the firing rates of the active cells were comrelated
for cach spatial bin shared by the two box
shapes. Population activity in the dentate gyms
wis highly sensitive to small changes in the
shape of the environment (Fig. 3A) The
smallest difference gave a highly significant
decrease in the correlation of the population
vectors for the dentate gyrus (0.75 = 0,01 for
shape | versus 2 and 087 = 0UK4 for shape
1 versus 1'; mean correlation = SEM, ¢ = 15.1,
P =0001). A similar decrease was not observed
in CA3, where the population vector correlations
for neighboring shapes and idemtical shapes
were about the same (0,92« 0004 and 0,92 «
0L003, respectively, £ = 1.96, s ) As the shapes

Fig. 3. Quantitative assess-
ment of spatial and temporal
coincidence reduction in the
dentate gyrus. (A) (Top) Pro-
cedure for calculating popu-
lation vector correlations.
The rates of all CA3 or den-
tate cells were stacked into
256 population vectors (PVs),
one for each of the 5 cm by
5 ¢m bins that were shared
between the morph square
and the maorph circle. The
correlation between the pop-
ulation vectors was computed
for each pair of pixels, (Bot-
tam) Mean population vector
correlations for pairs of in-
creasingly divergent morph
shapes. Unlike the popula-
tion output from CA3, popu-
lation vectors in the dentate
gyrus showed dissimilarities
already at the smallest change
of the box configuration (shape
1 versus 2). (Gray stippled
lines highlight the difference
between this comparison and
repeated recordings in shape
1.} (B} Population vector cor-
relations after random sub-
sampling from the recorded
cell sample. Subsets of cells
were chosen from either den-
tate gyrus or CA3, and cor-
relation coelficients were

A

§DH. .

Bost

Sodl

EDZ.

° lm JE.EEIE['HJ“ :II' ¢
(0 (0 OO 0D Om

marph shape companson

became more different, the correlations
decreased in both lappocampal subficlds, but
the decrease was mitially more pronounced in
the demate gyvrus (Fig, 3A). The advance of the
demate pvrus disappeared woward the end of the
morph sequence. Because the impact of decor-
relation processes inthe demate gyrus is likely 1o
be constmined by the limited convergence of
granule cells on CA3 neurons (£5, 27), we asked
whether a similar distinction between adjacent
shapes would be possible with sparser inputs.
The change in spatial populamion vectors in the
dentate gyrus was thus caleulated after subsam-
pling from the reconded cell population. Small
changes in box shape (1 versus 2 led w a similar
drop in correlation cven when the cell sample
was reduced 1o lessthan 10 (Fig 3B and fig. S7).

The differemtiation of the spatial rale maps
could be amproved by decorelanon o the
temporal doman (28). For cach pair of simulta-
neously recorded cells, we thus determuned the

{ (08 ana (D)

G o # of sampied colls

1-1 1-2 1-3 1-4 1-5 1-6 1-T i-1
11 1-2 1-3 1-4 15 1-8 1T 1-1

calculated as in (A). Corre-
sponding data points in (A)
and (B) are circled in red. (C)

Change in temporal correlation of cell pairs as a function of difference
between morph shapes. The degree of change across morph shapes was
expressed as the ratio, for each cell pair, of coactive spikes in one
environment divided by coactive spikes in the other, within three time
windows as noted. The ratio is averaged and linearly transformed such that
randomly shuffled cell pairs have a ratio of 0. Symbols as in (A). (D} Color-
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rate of comeident liring within time windows of

30 ms, 150 ms, and 300 ms (23). The coin-
cidence mites, avemged across cell pairs, were
compared lor successive shapes of the morph
sequence by dividing the rates by cach other,
giving a coactivity ratio. The coaclivity mtio
decreased across morph trials and, in the dentae
gyrus, dropped significantly even between ad-
Jacent shapes (Fig. 3C and fig. S8). The decrease
between shapes | and 2 was significant for all
three time windows (r > 2.14, P < (L05). For
larger shape differences, the dissimilarity
reached the level ofa shutfled distribution (0 in
Fig. 3C). Cell pairs in CA3 were more correlated
than cell pairs with one cell from the dentae
ayrus and one from CA3 (fig. S8).

We next asked whether the change in the
representation of the environment in the dentate
eyvrus bears any qualitative sinnlanty 10 emap-
ping processes m the CA helds, In place cells m
CAZ, and 10 some extent m CAl, emapping

C [
30 ms

— DG-DG palra |

o — CA3-CA3 pairs

04

02

coactivity ralio
(-]

01

Ll L & L LAy il
e O 0E OF 08 0 00

150 ms

— DG-DG pairs
= CAJ-CA] pairs

coactivity ratio
[ -]
L[]

R R BB R s
O 00 O 08 E S0
morph shape comparison

300 ma

— DO-DG pairs
= CAJ-CA] pairs

L | E ) B
IR 00 0N 0008 &m 00

dentate gyrus; (F), CA3].

morph shape comparison |

coded spatial cross-correlation matrices for composite rate maps, one for
each pair of morph shapes. The scale is from red (+1} to blue (<0); yellow
corresponds to 0.5 to 0.7. (E and F) Line diagrams showing cross-correlations
as a function of distance from the center of the cross-correlogram for pairs of
trials with increasing dissimilarity in box shape [one line for each pair; (E),
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oocurs a3 a complate change in both linng felds
and firing rates (Cglobal remapping™) or a5 a
selective change in Niring rates within a fixed st
ol finng locations (“rate remapping”™) (24, 29),
Inm the present study, the CAY newrons exhibited
consistent rate remapping throughowt the morph
sequence (24), whereas cells from the demate
gyvrus fired at different locations in the most
different shapes of the box (Fig. 2B). Yet, the
redistribution of the finng locations was non-
random. In all individual ficlds of a demate
neuron, firing increased and decrcasod gradually
across multiple wrials, sometimes throughout the
entire morph sequence (Fig. 2C). To estimate the
extent 1o which the place code was retained, as
in the CA3 cells, we cross-comrelated the com-
posite mte maps of the dentate cells for cach pair
of shapes in the morph sequence by shifting the
stack from one of the shapes in 5-cm steps along
the x and v axes, This resulted m a map of the
average similarty of the populstion vectors, al
various shifis of one stack relative w the other, A
central peak was observed Tor all pans of shapes,
but the peak decreased progressively as the
shapes became more different (Fig. 3, D w F)
which sugeested that the rate distribution was
altered smoothlv, as during rate emapping
CA3 (26). Even the smallest shape change
cansed a decnease n the central peak i the den-
tate gyrus (sce also Fig. 3A).

The expression of a coactivity-based patiem
scparation process in the dentate gyrus mises the
question of whether the underlying computa-

tions take place locally in the dentate gyvrus or
are mediated from allerent regions, 1he dentate
eyrus contributes actively 1o patiern separation,
il sensitivity 1o small changes in mput pattems
should be substantially  larger than i the
entorhinal conex, which mediates the majority
of conical inputs to this arca. We tested this
prediction by recording from three cells in the
perforant-path tenmination arca of the hippo-
campus while the shape of the recording box
was increased in small steps (Fig. 4 and fig. S9).
These cells had grid-like finng ficlds similar to
those of principal cells in the medial entorhinal
cortex (30, 31). The spikes may have originated
from intact or punctured axons of grid cells or,
perhaps, but less likely, Irom local intemeurons
activated by grid cells with identical firing
locations. The three cells were recorded simulta-
neously with cells in the granule cell laver on
other wetrodes, None of the grd cells exinbied

detectable changes m the rate or the location of

finng that could be annbuted 1o the incremental
trnsformation of the wecordmg  environment
(Fig. 4, B and C, and hg. 59) Whereas the
magnitude of the cross-correlation between pairs
ol environments decreased progressively in the
simultaneoushy reconbed demate neurons, the cor-
relaton did not change systematcally for the snd
cells (Fie 40 These recordings confinm obser-

vatoens [rom studics with larger numbers of

entorhinal grid cells, which show that the
digribution of activity between firing fields in
entorhinal neurons does not change detectably in

response 1o cnvironmental reconfiguration under
conditions where hippocampal CA3 assemblies
underzo mte remapgang (3.2),

Pattern separation by recruitment of new
cell assemblies. Although chinges in the shape
of the momph box strongly influenced the co-
activity of already active neurons in the dentae
gyrus, there was no replacement of the active
subset of the population. In CA3, such replace-
ment can be induced by funher inereasing the
differences between the environments, either by
moving the animal to a different recording room
(24, 33) or by t]l:]kiﬂg the enclosures more
dissimilar (/4, /9 23, 32, We asked whether
such changes, sufficient to induce global remap-
ping in the CA3 (24), would cause new and
independent cell ensembles 1o be reeruited also in
the dentate gyrus. Rats were tested in boxes of
different siee, color, and shape i three differemt
s (Fie 5,0 and Ggs, 510 and 5110 As ex-
pected, m CAS, statstically  independemt sub-
populations were recruited in a pair of sinalarly
shaped rooms (22) (Fig. 5). With a rmte threshold
ol 0.1 He, only 20 (18.3% ) ol the 109 CA3 cells
that were active m one room were also active in
the second room. OF the 23 active CA3 cells
recorded simultancously with demate cells, only
J(13.00) were active in both mooms (tabke 51).
In striking contrmst, 17 out of 20 active neurons
in the dentate gyrus (85.0%) were active in both
room | and room 2; only three {each rom a
different animal) fired exclusively in one of the
cnvironments (Fig. 5). The regional differenee
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Fig. 4. Unaltered rate distribution in grid cells in the perforant-path termimation
zone. (A) Histology and electrophysiology for a recording in the deep dendritic
layers of CAL or dentate gyrus (rat 11292); symbols as described in Fig. 1. (B}
Firing fields of the cell or axon in (A} and a simultaneously recorded dentate cell
{brown and green box, respectivelyl during pregressive transformation of the
morph box. {Top) Trajectories with spike locations; (bottom) color-coded rate
maps for the same recording sessions. Regular grid fields recorded from the
perforant path did not exhibit systematic changes in firing rate. (See fig. 59 for
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additional examples.) (C) Cross-correlation between rate maps for grid cells in the
perforant-path termination zone, calculated as in Fig. 3, D to F, and shown for incremental changes in box shape. The line diagram shows a central peak, as
expected if the fields remain stable, and a second peak at 45 to 50 cm from the center, which is a consequence of the similar grid spacing (40 to 60 cm) of the

recorded grid cells. PP, perforant path.
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wias highly significan (£ = 22,0, P < 0001,
simultancously recorded eells only), The differ-
ence was maintined with a higher rate thresh-
old [0.25 He: Z = 20.8; P < 0.001 (table 51}
and with a rate overlap measure where, for cach
cell, the mean firing rate in the less-active setting
was divided by the mean rate in the more-active
setting (33) [¢ = 4.77, P < 0001 (fig. S10)].
Morcover, in two animals that were tested ina
third room where the enclosure was substantially
larger, 11 out of 12 demate cells that were active
in rooms | and 2 were active also in room 3 { fig.
S11 Alhough the active subset was generally
the same in all three rooms, there wis no
similarity in the relative locations of their firing
ficlds. lrespective of the relative orientation of
the stacks, cross-correlation maps for simulia-
neously recorded dentate neurons in rooms 1 and
2 were flat, and the coactivity of cell pairs was

not higher than that of a shullled mie disrbution
(Fig. 50 and fig. S12).

Discussion. This study provides experimen-
tal suppon for a role of the intial stages of the
hippocampus in patlem separation and suggests
that a dual set of network mechanisms s
involved. These mechanisms, implemented in
the dentate gyrus and CA3, are both able, in
different ways, to completely onhogonalize the
collective firing pattemn of cell assemblics in
CAJ. Together they provide a potential neuronal
substrate for disambiguation of overlapping
memorics in the hippocampus,

Which mechanism is recruited depends on
the nature of changes in inputs to the hippocam-
pus. When the environment is only slightly
maodified, at a fixed spatial location, patiem
separation is expressed in dentate gyrus and
CAJ as a change in the pattern of comrelated
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activity within the active cell assembly, The
diverzent direction of the rate changes in the
different firing Melds of dentate cells accentumes
the decornelation of the ensemble activity, which
allows each enviromment to be represented by a
unigue rate pattern in a small number of granule
cells. Sparse connections between granule cells
in the dentate gyrus and pyramidal cells in CA3
(/5) may allow the disambiguation of firing
patterns to be translated to the CA felds, al-
though the smallest differences may be opposed
by pattern completion processes in the CA3
network (2, 3, 5-9). Whether decorrelation in
the dentate gymus is necessary for rate redistri-
bution in the CA ficlds remains o be detenmined.
When the changes in input 1o the hippocampus
are more substantial, pattern separation is
sccomplished also by recruitment of a statistically
independent cell population in CAS3 (24, 33, 34).

Fig. 5. Recruitment of statistically independent cell A ]
ensembles in CA3, but net in dentate gyrus, after Room 1 Room 2 Room 1 4.0
large changes in the recording environment. (A and AR g g;_c: R1 VRGO«
B) Firing fields of all cells recorded simultaneously D I_ D -
from CA3 (A) and the dentate gyrus (B) in an animal O o ey At |
exploring boxes of varied size and color in two E o
different rooms (rat 11215), (A) Recording sequence  [CA3 _ Baol
schematic and spatial firing correlates for active cells L & ares s
recorded from tetrodes in CAZ, The rat’s trajectory rﬂ:g:s ' a.;g. 9y J? E : i
{gray) with superimposed spike locations (red dots) 1.0 r a“:
is shown for each cell. Silent cells are not shown (n = —— . Aay TR e B °
8). (B) Trajectories with spike locations for dentate i ulﬁ,, 4‘}_,- a: ' L
cells recorded simultanecusly with the CA3 cells in ' : 0 % 0 10 A 20 30 40
{A). {See fig. 510 for color-coded rate maps.) (C) 3 B i e L ST ' “avg. rate (Hz) '
Relation between firing rates on repeated tests in the el Beg .;f:;; .;,}"-I g
same room (blue symbaols) or in different rooms (red o N 4.0 oG
symbaols) for the entire sample of cells recorded in -d; . = '} * 2
CA3 (top) and dentate gyrus (bottom) (n = 11 cofcd SR0 '*:j;—- Ly ;‘ " w30}
animals, three with simultaneous recordings). Circles : 2oz . =
of lighter color indicate cells from trials with e ’ Yy T :
simultaneous recording in dentate gyrus and CA3; ceil 5 ‘F* xf‘r [k 2 ‘Fh % 20t° o
darkened circles indicate cells that were recorded - - - = _
separately in one brain region. (D) Cross-correlation i . b AT
between rate maps for cells with firing fields in both coil of ,*" EE a8 F 10F _ 8
rooms, calculated as in Fig. 3D, but with prior - L + I.f" 2
rotation of the maps relative to each other and with : % ey 00— ; .
analyses performed separately for individual collc7 |3 0 x;: It A 00 10 20 30 40
animals. The line diagrams show cross-correlations s . Sl avg. rate (Hz)
for individual experiments as a function of distance o s
from the center of the cross-correlogram (one line callc8 1 E‘, _'1-_..’: "'-:;"'- D
for each animal with more than three simultaneously e = G 1 — 06
recorded cells in either subfield). Cross-correlation 0.8 -
maps {at the bottom) are only shown for rat 11215 B _g 0.6
[corresponding to (A) and (B). (See fig. 512 for the L Sl
remaining maps.} PDG = 04
coldt ('l SRl g gt 2 — @ e
mERRE &
- o o e —
cefld? (LN R T % 25 50
5 " distance (cm)
cords i ﬁr _.!1":_:? ii,_.l_._.' mt 11215 cag DG
BEE S
colldd + i 5
S ] i -
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A similar replacerment ol the active subsel s not
apparent m the dentate eyvrus, which suggesis
that the change i the CA3 code s trgeered by
direct progections from entorhinal gnd cells 1w
the CA3 (32).

Pattern separation in the dentate gyrus is
thus different from separation processes in the
cerchellum (£ £f), where signals [rom the
brain stem spread out on a layer of granule cells
whose cell numbers exceed those of the input
layer by a factor of several million. The number
of granule cells in the demate gyrus and pyram-
idal cells in the CA3 only marginally out-
numbers the projection neurons from laver [1
of the entorhinal cortex |in the rat, 1000000,
300,000 and 2000, respectively (15, 35, 36)],
which suggests that the same hippocampal
cells must panticipate in many representa-
tions even when the population activity s
sparse (13, f4). In such networks, onthogonal-
aton of comeklenee pattems may  be morge
ellective,

The decorrclated firmg of the dentate cells

contrasts with the invarimt discharee structune of

pnd cells upstream o the medial entorinal
conex (30-32) (Fig. 41 The reduction in spatio-
temporal comeidence could be denved from the
lateral entorbunal cortex, but not by a strght-
forward relay mechanism, because cells i this
arca do not exhibit reliable place modulation
(37). [tis thus likely that many of the underlying
computations take place within the dentate gyrus
itsell. The use of a dedicated nouronal popula-
tion for onhogonalization of small differences
in input to the CA Aelds enables the hippocam-

pal network to encode the lull vaney of expe-
rience in a more diversificd manner than what
could be accomplished with attractor networks
alone.
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Experimental Realization of Wheeler's
Delayed-Choice Gedanken Experiment

Vincent Jacques,® E Wu,"* Frédéric Grosshans, Francois Treussart,” Philippe Grangier,?

Alain Aspect,? Jean-Francois Roch™

Wave-particle duality is strikingly fllustrated by Wheeler’s delayed-choice gedanken experiment,
where the configuration of a two-path interferometer is chosen after a single-photon pulse has
entered it: Either the interferometer is closed (that is, the two paths are recombined) and the
interference is observed, or the interferometer remains open and the path followed by the photon
is measured. We report an almaost ideal realization of that gedanken experiment with single
photons allowing unambiguous which-way measurements. The choice between open and closed
configurations, made by a quantum random number generator, is relativistically separated from

the entry of the photon inte the interferometer.

g s double-slit q:.‘qrn:rhl'u:ll.l, realised
with particles sent one at a time through

an interferometer, is m the hean of

quantum mechanics (/). The striking feature is
that the phenomenon of interference, interpreted

16 FEBRUARY 2007 VOL 315 SCIENCE

as @ wave [ollowing two paths simultaneously, is
incompatible with our common-sense represen-
tation of a particle following one foute or the
other but not both, Several single-photon inter-
ference experiments (2-6) have confimmed the

wave-particle duality of the light field. To un-
derstand  their meaning, consider the single-
photon interference experiment  sketched in
Fig. 1. In the closed merferometer configuration,
a single-photon pulse s split by a first beam-
splitter BSipgu 0 a Mach-Zehnder imerferometer
and travels through it until a second beamspliner
BSgupa mecombines the two interfering arms,
When the phase shalt dy between the two anns s
vaned, interference appears as o modulation of
the detection probabilitics at output ports 1 and 2,
respectively, as cos” @ and sin® 4. This result is
the one expected for a wave, and as Wheeler
pointed out, “{this] is evidence ... that cach ar-
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riving light quamum has arived by both routes™
(7). I BSpup is removed (the open configu-
ration), each detector D or D2 on the output
ports s then associated with a given path of the
imterferometer, and, provided one uses e single-
photon light pulses, *|either] one counter goes off,
or the other. Thus the photon has traveled only
one route” (7). Such an experiment supports
Bohr's statement that the behavior ol a quanium
system is determined by the type of measurcment
performed on it (&)L Morcover, it is clear that for
the two complanentary measurements  consid-
cred here, the comesponding experimental set-
tings are mutually exclusive; that is, BSaupa
cannot be simultancously present and absent.

In experiments where the choice between
the two settings is made long in advance, one
could reconcile Bohr's complementarity with
Einsteins local conception of the physical
reality, Indecd. when the photon enters the inter-
ferometer, it could have received some “hidden
miormation™ on the chosen expenmental con-
hguration and could then adjust s behavior
accordimgly (9. To mle out that too-naive
interpretaton of quantum mechanical comple-
mentarity, Wheeler proposed the “delayed-
choice” gedanken expenment in which the
choice of which property will be observed s
miade aller the photon has passed BSjapa: “Thus
one decides the photon shall have come by one
route or by both routes after it has already done
its travel” (7).

Sinee Wheeler’s proposal, several delayed-
choice experiments have been reported {10-15),
However, none of them fully followed the

onginal scheme, which required the use of the
single-partick: quanium state as well as rel-
ativisie space-like separation between the choce
ol mterlerometer conliguration and the entry of
the particle into the merferomaeter, We report the
realization of such a delayed-choice experiment
in a scheme close w the ideal original proposal
(Fig. 1) The choice to insert or remove BS 00
is randomly decided through the use of'a quan-
tum random number gencrator (QRNG). The
QRNG is locaied close to BS ., and is far
cnough from the input so that no informuation
about the cholce can reach the photon belore it
passes through BSigu.

Our single-photon source, previously devel-
oped for quantum key distribution (/6, [7), is
bascd on the pulsed, optically excited photo-
luminescence of a single nitrogen-vacaney (N-V)
color center in a dimond nanocrystal (F8), Avthe
single-crmitter bevel, these photolumimescent oen-
ters, which can be mdividually addressed with
the use of confocal microscopy (19, have shown
unsurpassed efficiency and photostabihity at room
temperatune (20, 271 In addion, it s possible o
obtain smghe photons with a well-detined polar-
ization (16, 22).

The delayed-choice scheme 15 implemented
as follows, Lincarly polanzed single photons are
sent by a polanization beamsplitter  BSipun
through an interferometer (length 48 m) with
two spatially separated paths associated with
orthogonal S and P polarizations (Fig. 2). The
movable output beamsplitier BS g, consists of
the combination of a hall-wave plate, a polariza-
tion beamsplitier BS', an clectro-optical modula-

REPORTS

tor {EOM) with its optical axis orented m 22,5°
fronm mput polanzations, and a Wollaston prism.
The two beams of the mterferometer, which are
spatially separaed and onthoeonally polanecd,
are first overlapped by BS' but ¢ still be
unambiguously identified by their polarztion.
Then, the choice between the two interferometer
conligurations, closed or open. is realized with
the EOM, which can be switched between two
different configurations within 40 ns by means of
a homebuilt fast drver ( f6): Either no volage is
applied to the EOM, orits halfswave voltage 1V is
applicd 10 it In the fist case, the siwation
comeponds (o the removal of BSgupa and the
two paths remain uncombined (open configu-
ration). Becawse the original § and P polar-
izations of the two paths are onented along prism
polarization cigenstates, cach “elick™ of onc
detector DN or D2 placed on the output pons is
wsociated with a specific path (path 1 or path 2.
respectively), When the 1 voltage s applied. the
EOM s equivalemt w0 a half~wave plae that
revanles the nput pola zations by an angle of 457,
The prism then recombines the two rotated
polarizations that have waveled along differemt
optical paths, and interference appears on the two
output ports. We then have the closed imerfer-
ometer confizurmtion (22).

To ensure the relativistic space-hke separation
between the choice of the imerferometer config-
uration and the passage of the photon at BS,,.
we configured the EOM switching process 1o be
randomly decided in real time by the QRNG
located close to the output of the interferometer
(48 m from BS;,,,). The random number is gen-
crted by sampling the amplificd shot noise of a
white-light beam. Shot noise is an intrinsic

Fig. 1. Wheeler's delayed-choice gedanken Palh 2 :
experiment proposal. The choice to intro- ) A detectors ~ Guantum random process, and its I\.Ialuc. at a
duce or remove beamsplitter BS . (closed . mirror f I"~.. given time cannot be predicted (29). The timing
or open configuration) is made only after Single-photon of the experiment ensures the required rel-
the passage of the photon at BSppa, 50 pulse n ESW,F”. ativistic space-like separation (221, Then, no
that the photon entering the interfer- I information about the imerferometer configu-
ometer “cannot know™ which of the two L 0 mtion choice can reach the photon before 1t
complementary experiments (path differ- BSinpu Path 1 iror enters the imerferometer.
ence versus which-way) will be performed The single-photon behavior was first tested
at the output. using the two output detectors feeding single and
Fig. 2. Experimental realization of =
Wheeler's gedanken experiment. Single E 40 QRNG
photons emitted by a single N-V color g 43
center are sent through a 48-m polar-
ization interfemmetEE equivalent to a 4.2 MHz - ! — Veom = Vi
time of flight of about 160 ns. A binary | CLOCK g g o
o bl £, s b et U

e rives the voltage
it V= 0 nd Vim Vi Wl N-Y color
40 ns, after an electronic delay of centor BSinput FrnEl T y— Ny
BO ns. Two synchronized signals from Path 2 I wp
the clock are used to trigger the single- J.|_ ssesssssse N
photon emission and the QNRG. In the !
laboratory frame of reference, the —  * : “*Pah1 0 1 N,
random choice between the open and N, tnger | 5;“51'"3 i ;"" e
the closed configuration is made simul- puises pacion L__ __48m__ __-_E BSoutput

taneausly with the entry of the photon

into the interferometer. Taking advantage of the fact that the QNRG is located at the output of the interferameter, such timing ensures that the phaton enters the
future light cone of the random choice when it is at about the middle of the interferometer, long after passing BSi o
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comadence counters with BSggp removed
(open conliguration). We used an approach
similar 10 the one described i (2) and (6).
Consader arun comresponding 1o Ny triggeer pulses
applied o the emitter, with Ny counts detectad n
path | of the imererometer by D1, N; counts
detected in path 2 by D2, and AN deteated co-
incidences corresponding o joint photodetee-
tions on D1 and D2 iFig. 2). Any description in
which light is treated as a elassical wave, such as
the semiclassical theory with quantized photo-
detectors (24), predicts that these numbers of
counts should obey the inequality

Ne % Nt _

= —
N %Ny~

1 ()

Violmtion of this incquality thus gives a quanti-
tative critenion that  characienzes nonclassical
behavior, Fora simgle-photon wavepacket, quan-
tum optics predicts perfect anticorrelation (i.¢.,
o = 0y i agreement with the mumtive image that
a single particle cannot be detected  simulta-
neowsly in the two paths of the imerferomaeter
(). We measured a = 0.12 + 0.01, hence we are
imdeed close w the pure single-photon regame,
The nonideal value of the o parmmeter is due to
residual background photoluminescence of the
diamond sample and 0 the two-phonon Raman
scattering line, which both produce uncomrelated
photons with Poissonian statistics (6).

With single-photon pulses in the open
configuration, we expected cach detector DI
and D2 1o be unambiguously associated with a
given path of the interferometer. To test this
point, we evaluated the “which-way "™ information
pammeter = (N - NN+ Nop (25 28) by
blocking one path (e.g., path 2) and measur-
ing the counting rates a1t D1 and D2, A value of
I higher than 099 was measured, hmited by
detector dark counts and residual imperfections

Fig. 3. Results of the delayed-choice p
experiment. The phase shift < (indicated

with arbitrary origin is varied by tilting

BS'. Each point, recorded with acquisition

time of 1.9 s, coresponds to the de-
tection of about 2600 Ehnh}ns. The
detector dark counts, 59 5~ for D1 (blue
points) and 70 s™* for D2 (red points),

have been subtracted from the data. (A
Cases when V, is applied on the EOM
iclosed configuration); interference with
94% visibility is obtained. (B) Cases B
when no voltage is applied on the EOM
lopen configuration); no interference is
observed and equal detection probabil-
ities {0.50 + 0.01) on the two ocutput
ports are measured, corresponding to
full kmowledge of the complementary
which-way information {/ parameter
greater than 99%).

Counts
g 8
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ol the optical components, The same value was
obtained when the other path was blockad (eg.,
path 1) In the open configuration, we thus have
an almost ideal which-way measurement.

The delayed-choice experiment itsell 13
performed with the EOM mndomly  switched
for cach photon sent imo the inerferometer,
comesponding o a random choice between the
open and closed conligumtions. The phasc shift
 berween the two interferometer amms is varied
by tilting the second polanzation beamsplitter
BS" with a picaoclectric actuator { PZT). For cach
photon, we reconded the chosen configuration,
the detection cvents, and the PZT position. All
raw data were saved in real time and were pro-
cessed only after a run was completed. For cach
PZT position, detection events on D1 and D2
comesponding to cach configumtion were sorted
(Fig. 30 Inthe closed conliguration, we observed
interference with 0.94 visibility, We atnbute
the departure from unity 10.an mmperfect overlap
of the two merdenng beams. In the open con-
heguration, iterference wtally  dsappears, as
evidenced by the absence of modulation n
the two output ports when the phase shift o
wis varied, We checked that in the delaved-
choice conliguration, parameters a and £ kept
the same values as measured in the prelimi-
nary tests presented above,

Our realization of Wheeler's delayed choice
gedanken experiment demonstrates that the
behavior of the photon in the interferometer
depends on the choice of the obscrvable that is
measured, even when that choice is made at a
position and a time such that it is sepamied from
the entrance of the photon into the interferometer
by a space-like interval. In Whecler's words, as
no signal taveling at a velocity less than et of
light can connect these two events, “we have a
strnge inversion of the nomal order of time.
We, now, by moving the mirror in or out have an
unavoidable effect on what we have aright 1o sy

0 2n 4n [+ 8 10n
Phase shift @ (rad)
0 2n dx Gn Br 10m

Phase shift & {rad)

about the already past history of that photon™ (7).
Once more, we lind that nature bebaves in
agreement with the predictions of guantum
mechanics even m surpasing situations where a
tension with relativity seems o appear (249
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Multiple Energy Scales at a
Quantum Critical Point

P. Gegenwart,»*t T. Westerkamp,® C. Krellner,? Y. Tokiwa,'t S. Paschen,s

C. Geibel, F. Steglich,® E. Abrahams,? Q. Si**

We report thermodynamic measurements in a magnetic-field-driven quantum critical point of a
heavy fermion metal, YbRh;5iz. The data provide evidence for an energy scale in the equilibrium
excitation spectrum that is in addition to the one expected from the slow fluctuations of the order
parameter. Both energy scales approach zero as the quantum critical point is reached, thereby
providing evidence for a new class of quantum criticality.

uamium  criticality encodes the strong
Auctuations of matter undergoing a
seoond-onder phase tmansition at #¢mo
temperature, 10 underhics the unusual propertics
observed 1na host of guantum materials, A basic
question that remains unseitled concerns s
proper theoretical descniption. which s chal-
lenging because the Nuctuations are both collec-

tive and quantum mechamical, One class of
theory. hased on the traditional formulation of

classical eritical phenomena (), considers the
Nuctuations of a classical varable—Laudau’s
order paramater—in both spatial and temporal
dimensions (253 The slowing down of the
order-parameter Muctuations accompanics the
divergence of a spatial comelation length: at cach
value of the wning parameter, the equilibrium
many-body spectnum contains a sing le-cxcitation
cnengy scale, which vanishes ot the quamium
critical poimt (QCP) (6). An unconventional
class of theory (7 9), by contrast, is inheremly
quanum mechanical; it explicitly invokes quan-
tum entanglement effects, which are manifested
through vanishing encrgy scales that are in ad-
dition 10 the one associated with the slowing
down of order-parameter Nuctuations, The na-
ture of quantum criticality can therefore be ex-
perimentally elucidated by determming whether
single or multiple energy scales vanish as the
QCP 15 reached.

We consider the heavy-fermaon metal
YhRhaSia (YRS ) and show that multiple energy
scales vanish as its QCP is approached and, in
addition, suggest that cnitical electronic modes
coexist with the slow Quctuations of the mag-
netic order parameter. A direct way to probe
the intrinsic encrgy scales in the equilibrium
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spectrum near a QCP is 1o measure thermody -
namic propertics. Another approach is to
measure the Muctuation spectrum in equilibri-
um, for example by melastic neutron scatter-
ing experniments, Such equilibrium methods
Are 1 contrast W ransport experiments, which
are miluenced by electronie relaxational prop-
ertics, especially for anisotropic and  multi-
band svstems.

As extrction of cntical enerpy scales re-
quires measurements through fine steps of the
control parameter. which 1s nearly impossible
for melastic neutron scattering, we report here
measurements of themaodynamic propenties of
YRS across its magnetic QCP.

We chose o work with the tetragonal
heavy fermion compound YRS because it
presents a clean and stoichiometric material
that s well charmcterized (/0). In the absence of
an extemal magnetic leld, YRS shows very weak
antiferromagnetic (AF) order at Ty = 70 mK,
with an ordered moment of only ~10 g/ Yh
i£1). A small magnetic ficld (A, = 006 T
for the Meld applicd within the casy af plane,
and Hj. = (Lo6 T along the hand ¢ axis)
suppresses the transition temperature and
accesses the QCP (12). The ability 1w usc

Fig. 1. Magnetic-field dependence of
the magnetostriction of YbRh;Siz. The
symbols represent the linear coefficient
iaag) = clnl /7H (where L is the sample
length along the [110] direction within
the tetragonal ab planel versus H at
warious temperatures. Mote that i < 0
and that the data sets have been shifted
by different amounts vertically. The
sharp feature in the 0.02 K data cor-
responds to a discontinuity in & (as is
more clearly seen in the measured length
versus H, which shows a change in slope
but does not contain any discontinuity),
demonstrating the continuous nature
of the magnetic transition at the crit-
ical field of 0.05 T. Similar behavior is

A =1
~ g (10°T )
o 29 o 0 O =2 N w s
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such a small magnetic Geld 1o aceess the QUP
makes YRS suited for our purpose: the deter-
mination of energy scales requires scanning
across the phase transiion, and an extemal
magnetic held can be tuned with relative case
and continuously. Hall effect measurements
{/3) on YRS have shown a large and rapid
crossover in the Hall constant at a temperature-
dependent magnetic fdld away from the antifer-
rommagnetic transition. In the zero-temperature
limit, this crossover cxtrapolates to a jump
across the QCP, which has been interpreted as
a large change of the Fermi surface volume.
This represents yet anpther advantage of mea-
suring the thermodynamie properties in YRS,
because they can be compared with their trans-
POt countorpans,

We measured the isothermal linear mag-
netostriction clnd. (0, where L oas the length
alomg the [11O] direction within the tetragonal
af plane, and the magnetic ield /s applicd
along the same direction (Awe). Figure | shows
the magnetostinction as a function ol the
magnene held, at temperatores mnging from
002 K w 0.8 K. For wemperatures below
0.075 K. a clear discontinuity 15 observed
when suppressing the AF order by a critical
magnetic field. At 7= 0.075 K. it isscen that,
for a small magnetic Neld, the sothermal
magnetostriction linearly depends on the mag-
netic field, as is the case in typical metaks (£4).
Beyond a erossover field, however, there is a
change to a high-ficld region with a different
slope. The crossover ficld decreases as the tem-
perature is reduced.

To understand this crossover, we compare it

with the ficld-dependent isothermal behavior of

other thermodynamic and transport quantitics.
Figure 2A illusirates the similarity of the cross-
over in the magnetostriction to that seen in the
ficld-dependent isothermal Hall resistivity py
{measured with M e). The Hall coefticient was
described (f3) by an empirical crossover

Illili.l.Ll;tnllll/-I&Iili

10 . el oo W o
0.00 025 0.50 0.75 1.00
H(T)

observed at various different temperatures below 0.075 K, for example, at 0.03 K and 0.05 K.
The solid lines for T = 0.13 K are fits using the integral of the crossover function fiH,T), which
reveal a characteristic field scale Hy{T) along which the magnetostriction shows a drastic change

in slope.
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Fig. 2. Energy scales in YbRh,Si,,
determined from thermodynamic,
magnetic, and transport measure-
ments. (A} The field dependence
{H _c) of the magnetostriction &1y,
M= M + ¥H (where 3 = SMIFH),
and the Hall resistivity py for Hlle
(for the latter, the field values have
been divided by the anisotropy
factor 13.2, which corresponds to
the ratio of the critical fields in the
Hall and magnetostriction measure-
ments), respectively, allat T=0.5 K

arb. units

A, .. (MLC)
My H (Hlc)
p,, (Hilc)

similar behawvior is observed at other
temperatures, For agaglH-c), the
sample has a residual resistivity p, =

0.00

0.5 p€2 em and He = 0.05 T: for M (4 Lc), the sample has pg = 1.0 p£2 cm and
H = 0.06T; and for pyiHll ¢}, the sample has pg= 1.0 cmand H, =066 T,
The solid lines correspond to fits using the integral of the same crossover
function fiH,T) . Each data set has been normalized by its initial slope. For clarity,
the three data sets have been shifted by different amounts vertically: This &
represented by the three separate zero marks along the vertical axis for the three
quantities. py — py 5 where py ; is the anomalous Hall resistivity (13), behaves
similarly to py. We analyzed MH), which is the field derivative of the magnetic
free enmergy contribution (=M s H); fitting M(H) leads to similar conclusions,
although the quality of the fit is somewhat poorer because M versus H is not as

function of the form AT =Aa — (Aa— A1
(HHG" |2 the crossover Deld scale Mg s
cquivalent to an encrey scale T*(H). We have
amalyzed the magnetostriction data, as well as
the existing magnetization data (HL1e) (15, 16),
with the same crossover lunction. No corre-
sponding anomalics can be resolved in the
magnetization data for Hle (/6), which is
almost lincar in A The solid curves in Fig.
1 and Fig. 2A correspond 1o fits of Agyyop, M =
M+ yH and the Hall resistivity py. Figure 2B
shows the three seis of Hgl ) obtained from
such fits, Their overlap represents a key con-
clusion of the present work: it suggests that
they define one encrgy scale (), Thisscale
15 soen 1o be distinet from enther the transition
temperature () for the magnetic ordenng w
H < H, or the scale (Typg) for the es-
tablishment of the Landau Fenm hguid state
at i = M. For all three quantities, the width of
the crossover extrapolates o zero at T = (0,
implying that the differentials of the magneto-
striction, magnetization, and Hall resistivity
have a jump in the zerm-temperature limit
{supporting online text).

The results mise the important question of
the causal relation between the thermodynamie
and electronie transport propertics. One might
argue (/7)) that the Hall-effect evolution as a
function of the magnetic Geld (/3) 15 caused by
the Zeeman splitting of the Fenmi surface in-
duced by the magnetization (and reflecied in the
magnetostriction). However, the magnetization
only displays a smeared kink, and the corre-
sponding Fermi surface change would at most
produce a smeared kink in the evolwtion of the
Hall cocfficient; such a kink s oo weak com-
paned with the smeared jump seen experimen-
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025 050 075 H(T)

po = 0.5 pLd cm and H,

of the crossover.

linear as M at high fields
from magnetostriction, M, and Hall resistivity using the same symbols as in A, It
is equivalent to the energy scale T*(H). The gray diamonds and triangles
represent, respectively, the Néel ordering temperature (T,,) and the crossover
temperature (Typ) below which the electrical resistivity has the Fermi liquid
formp =pp+ AT?, as determined from measurements on a single crystal with

e e
0.8 ]
Hlc —a—
Ti
0.6 - I
4 e
el i |
S )
0.2 | - TLFL f
'T PP L ot wesmne
0.0 AN
0.0 0.1 s H{T}

{fig. 52). (B) The crossover field scale Hg as determined

= 0.05 T. The solid and dotted lines are guides to the

eye; for the latter, data points outside the plotted field regime have also been
used, The horizontal error bars represent the fitting errar rather than the width

Fig. 3. Longitudinal mag-

netoresistivity of YbRh;5i; as
p versus H (H_¢) at various
temperatures. The maxima in
the 0.03 and 0.07 K data
indicate the boundary of the
AF ordered state [Ty, (H = 0) =

0.075 K. The arrows mark
the positions of inflection
points in plH). The inset A
displays the phase diagram,
where the gray shaded area
represents the range of Hpll)
values shown in Fig. 2B.
Open yellow triangles mark
the positions of the inflec-

p (uid om)

— 0.077

tion points in the longitudi- -"""\\\_ —

nal electrical resistivity. The 0.5 i i Eraa— . i .0.03
smeared kink behavior in the “0.0 0.1 0.2 0.3 04
isothermal # wersus H cor- HM

responds to a peak in the T

dependence of y. The latter has been observed (20); the corresponding peak temperature versus H for a
sample with pg = 0.5 pL cm and H, = 0.05 T is displayed by the dark blue diamonds and found to be
cansistent with HglT). Inset B displays the derivative dp/dH versus H at both T= 0.1 Kand T'= 0.3 K. Arrows
mark the minima, corresponding to the inflection points in plH).

tally. Morcover, along the ¢ axis. even such a
smeared kink feature is absent in the magneti-
zation versus the magnetic ficld. Instead, it is
more maural o view the nonanalyticities in
both the magnetostriction and magnetization as
thermadynamic manifestations of the large
Fermi surface jump caused by an f~clectron
localization,

To explore this issue further, we have also
studied the longitudinal magnetoresistivity,
Figure 3 shows the elecirical resistivity p as a
function of the magnetic ficld (Hle), al various

temperatures. The broadened steplike decrease,
observed at all tempermtures, comesponds to the
crossover observed in the other propenics.
Indeed, as shown in inset A, the crossover
ficlds determined from the minima of the
denvative dp/df (inset BY fall on the same
T hine determined from the magnetosiric-
Lo, |1]-.;|g|:|¢‘]1'r;ltiml, and Hall effect. In addition,
inset B shows that the width of the crossover
decreases a5 the temperaiure s lowered, A
detailed analysis shows that the crossover
widih goes 0 zero in the rero-lemperature

www.sciencemag.org
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Fig. 4. Sketch of the suggested q dependence of
the Weiss temperature @y, which enters the
magnetic susceptibility. As H reaches H, it
vanishes at the antiferromagnetic wave vector Q,
as shown. In addition, ©4 has a second minimum
at q = 0. Ferromagnetic fluctuations at g = 0
remain important as & . g goes to zero.

q

limit {supporting online text), implying a jump
in the residual resistivity across the magnetic
QCP Thas is m accordance with the theoretical
expectations (8. 19 associated with an f-
ehectron localization transition,

Frgure 3. mset AL also shows the iemperatore
scale as a lunction of held, extmacted lrom the
peak in the T=dependence of the dillerential sus-
ceplibility 3. = SMIGH: the lmter. observed
carlier (20, necessarly  accompanies the
smeared kink behavior in the sothenmal A ver-
sus ML I is clearly seen that this scale wo falls on
the same T*(H} line.

Our results shed light on the overall phase
diagram ol this clean stoichiometric quanium
critical material. Nuclear magnelic resonance
(NMR) measurements (27), while signaling the
dominance of AF fluctuations in the quanium
critical regime, have also revealed enhanced
ferromagnetic luctuations, The Kominga mtio,
S=1N TR2, is small—on the order of (.15,
where 8 is the corresponding ratio for non-
interacting clectrons. Further evidence for
cnhanced ferromagnetic Mucluations has come
from  magnetization measurements (20), The
Wilson matio— Ry = n.ﬂ'gz-muulﬂ} = 'y, with
Herr= 1.4 pgYh (22)—s strongly enhanced for
an extended region of the phase diagram. [t is
already large (~20) for magnetie felds of a fow
teslas and further mercases as the hicld s
reduced wward .. Therefore, ot could be
lempting o consider the q -~ 0 magnetic
Muctuation as the dominant entical uctuation
Ty, especially because a conventional fermo-
magnetic QCP would yield a Griineisen
cxponent (23) of lizv = 273, close to what is
observed in YRS (24). This picture is proble-
matic for a number of reasons, however. First,
neither three-dimensional (3D} nor 20D ferro-
magnetic spin Muctuations can gencrate the
fractional exponent observed in the temperature
dependence of the uniform spin susceptibility
(2, Second, ferromagnetic spin Muctuations
would lead to a divergent /T, (<17, with x
1/3 and 12 for 3D and 2D cases, respectively)
that is in contrast 1o the observation that 17 is
approxinaiely constant when the NMR mea-
surement ficld is extrmpolated 10 the quamium

www.sciencemag.org  SCIENCE  VOL 315

critical regime (J1). Third, because ferro-
magnetic spin Nuctuations are inellicient in al-
fecting charge transport, ths picture contradicts
the observaton of a nearly A-independent mto
.-I'xz that accompanics a stongly f-dependent
A and x (20) Here, A is the coeflicient of the
T component of the resistivity.

The data presented here show that the uni-
form magnetization (g = 0) depends on the same
underlying phvsics as that for the charge trans-
port. Because the tmansport is dominated by
large q Muctuations, the results imply that the
q = { magnetic Muctuations arc a pan of
overall luctuations in an extended range ol
wave-veclor scales. It is then more natural 1w
assume that the dynamical spin suscepiibility
at different wave vectors obeys the same form
(&, 25) a5 that observed in another prototyp-
ical quantum crtical heavy fermion metal,
CeCus oAy, (17F xlq. 7L~ (6, + T Wiw nr.
At the OCP, the Wenss held at the antifermomag-
netic wave vector (g = Qpvanishes: ©g =00 Al
the same tume, and unlike for CeCusg gMug .
g 15 very small in YRS, Based on the
saturation scale seen in the temperature de-
pendence of the uniform magnete suscep-
tibility (20} and the NMRE Knight shift data
21y near M, we estimate Gy < g to be on the
order ol 003 K (24). When g moves away [rom
cither 0 or Q, B4 increases o the order of the
Ruderman-Kittel-Kasuya-Yosida {RKKY) in-
teraction or bare Kondo scale [abowt 25 K for
YRS (/. as illustrated in Fig. 4. The en-
hanced uniform magnetic susceptibility, the
concomitant enhanced Wilson ratio ( 20, and
the small § = /7, 7K* nawrally follow from
this picture. Moreover, both yg.g and %g-g
scale similarly with H, and the observation
that A% is nearly H-independent is in fact a
manifestation of an H-independent .-J.'xf}. All
this leads 1o the conclusion that the origin
of the T* line lics in an clectronic slowing
down and, for YRS, the strong q = O Muctua-
tions happen o be a consequence of the latter
as well,

We now wm to more detled theoretical
implications ol our results. Our measurements
establish that the energy scale T# 15 associated
with the equilibrium many-body  spectrum
(which alone determines thermodynamics ).
Morcover, this scale is distinet from the Landau
Fermi liguid scale. Typp, because physical quan-
tities manifiest mther different behavior across
the two scales (supporting online text). Finally,
both of these scales vamish at the QUP. These
findings contradict the conventional order-
parameter fluctuation theory in at least two
respects, First, the only low-cnergy scale in that
theory is msociated with the magnatic slowing
down which, for /= H, is Tyeg (2-3), Second,
within that theory, a shamp feature in thermody-
namics and mnspon quantities might anse near
Ty only,

Our results are instead consistent with mag-
netic guantum eriticality accompanied by the

REPORTS

destruction of Kondo entanglement. In the
form of local quantum criticality (7, &), a col-
lapse of a larze Fermi surface as ff decreases
leads w an added energy scale characierizimg
an ¢lectronic slowing down and, in addinon,
viclds a zemo-tlempermture jump in the Hall
cocflicient and in the fickd differentials of the
thermodynamic quantitics. An additional van-
ishing encrgy scale ako exists in the “decon-
fined™ quantum crticality seenario for insulating
quantum magnets (¥, as well as in ils extension
to itincrant clectron systems (27, 28) that are
argued o be relevant to quantum critical heavy
fermion metals.
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Clustering by Passing Messages
Between Data Points

972

Brendan ). Frey® and Delbert Dueck

Clustering data by identifying a subset of representative examples is important for processing
sensory signals and detecting patterns in data. Such “exemplars” can be found by randomly
choosing an initial subset of data points and then iteratively refining it, but this works well only if
that initial choice is close to a good solution, We devised a method called “affinity propagation,”
which takes as input measures of similarity between pairs of data points. Real-valued messages are
exchanged between data points until a high-quality set of exemplars and corresponding clusters
gradually emerges. We used affinity propagation to cluster images of faces, detect genes in
microarray data, identify representative sentences in this manuscript, and identify cities that are
efficiently accessed by airline travel. Affinity propagation found clusters with much lower error than
other methods, and it did so in less than one-hundredth the amount of time.

lustering data based on a measure of

similanty 15 a criiecal step in scienufic
data amalysis and in engineenng sys-
tems. A common approach 15 o wse data o

leam a set ol centers such that the sum of

sguared ermors between data points and their
nearest centers 1s small. When the centers are
selected from actual dma points, they are called
“excemplars.” The popular -centers clustering
techmigque (£) begins with an mital st ol ran-
domly selected exemplars and iteratively refines
this set so as o deercase the sum ol squared
errors. k-conters clustering is quite sensitive 1o
the initial seleetion of exemplars, so it is usually
rerun many tmes with different initializations in
an attempd o find a good solution. However,
this works well only when the number of clis-
ters s small and chances are good that at least
one mndom  mitialization 5 close 1w a good
solution. We take a quite different approach
and introduce a method that simultancously
considers all data points as potential cxem-
plars, By viewing cach data point as a node in
a network, we devised a method that recur-
sively transmits real-valued messages along
cdges of the network until a good st of ex-
emplars and corresponding clusters emenzes.
As deseribed later, messages are updated on
the basis of simple formuolas that search for
minima of an appropristely  chosen  energy
function. Al any point in time, the magnitude
ol cach message reflects the current aflinity
that one data point has for choosing another
data point as its exemplar, so we call our meth-
od “affinity propagation.” Figure 1A illus-
trates how clusters gradually emerge during
the message-passing procedure.

Aflinity propagation takes as input a col-
lection of real-valued similaritics between data
points, where the similarity s(i4) indicates

Department of Electrical and Computer Engineering,
University of Toronto, 10 King's College Road, Toronto,
Ontario M55 2G4, Canada.

*To whom correspondence should be addressed. E-mail:
frey@psitoronto.edu
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how well the data pomnt with mdex £ 15 suited
10 be the exemplar for data pomt i When the
goal 15 o mimimize squared ¢rror, cach sim-
tlariy 15 sel o a negative squared error (Eu-
chidean distance): For poimts x; and xg. siik) =

Xi = X3 1 Indeed, the method deseribed here
can be applied when the optinization eritenon 1s
much more gencral. Later, we describe tasks
where smmlanties are denved for paiss of 1m-
agEes, pairs of microamay maeasurements, pairs of
English sentences, and pairs of cities. When an
exemplar-dependent probability model is avail-
able, siik) can be set w the log-likelihood of
data point § given that its exemplar is point £.
Alternatively, when appropriate, similarities
may be sct by hand.

Rather than requiring that the number of
clusiers be prespecified, affinity propagation
takes as input a real number s(&.4) for cach daa
point & so that data points with larger values
of s(&4) are more likely to be chosen as ex-
emplars. These values are referred 10 as “prefl-
crences.” The number of idenified excmplars
{number of clusters) is influenced by the values
of the mput preferences, but also emerges from
the message-passing procedure. I1 a prion, all
data points are equally suitable as exemplars, the
preferences should be set 1o a common value
this value can be vaned o produce dillerent
numbers ol ¢lusters. The shared value could
be the median of the inpu similantics (resulting
in a moderate number of clusters) or their
minmum (resulting i a samall number of
clusters).

There are two kinds of message exchanged
between data points, and cach takes into ac-
count a different kind of competition. Mes-
sages can be combined at any stage to decide
which points are exemplars and, [or every
other point, which cxemplar it belongs 10, The
“responsibiliy” AL&), sent from data point § w
candidme exemplar poim & reflects the ac-
cumulated evidence for how well-suited point
& is 1o serve as the exemplar for point 7, taking
inte account other potential exemplars for
point § (Fig, 1B). The “availability™ (i), sent

friom condidme exemplar point & o point
reflects the accumulated evidence for how
appropoiate it would be for pomt oo choose
point & as its exemplar, mking imo account the
support fromm other points that poant £ should be
an exemplar (Fig. 1CL #(i4) and a(ik) can be
viewed as log-probability ratios. To begin
with, the availabilitics are mitialized (o zem:
alik) = 0. Then, the responsibilitics are com-
puted vsing the rule

k)Y = s(ik) max {alik’) +s(i.k)}
TN
i1}

In the first iteration, because the availabilitics
arc zero, r{ik) is sel (o the inpul similarity
between point § and poimt & as its exemplar,
minus the largest of the similaritics between
pomt § and other candidate exemplars. This
competitive update 15 data-driven and docs not
take mio account how many other pomts lavor
cach candidate exemplar, In later iterations,
when some pomts are elfectuvely assigned 10
other exemplars, thar availabilines wall drop
below zero as prescribed by the update rule
below, These negative availabilitics will de-
crease the effoctve values of some of the input
similaritics 50487 in the above rule, removing
the corresponding candidate exemplars from
competition. For & = i, the responsibility m(4.4)
is sct i the input prefercnce that point & be
chosen as an exemplar, (&), minus the largest
of the similaritics between point 7 and all other
candidate exemplars. This “self-responsibility™
reflects accumulated evidence that point & is an
exemplar, based on its input prefencnce tem-
pered by how illsuited it s w0 be assigned o
another exemplar,

Whereas the above responsibility update
lets all candidate excmplars compete for own-
crship of a data point, the following availabil-
ity update gathers evidence from data points
as o whether each candidme exemplar would
make a pood exemplar:

alik) — min{ll', k) A Z max {0, r({ & ZII}

istiefik}
(2)

The availability alik) is set 1o the self-
responsibility pie4) plus the sum of the positive
responsibilitics candidate exemplar & receives
from other points. Only the positive portions of
incoming responsibilitics are added, becawse i
15 only necessary for a good exemplar © explain
some data points well (positive responsibilities).
regandless of how poorly it explains other data
poinis (negative  responsibilities), 15 the self-
responsibility A&L) 15 negative (indicating that
|H1irl1 kis i:ul'l‘1.'l'll|!.' better suited as 11-:.:11"15'"13 1)
another exemplar rather than being an exem-
plar itself), the availability of poim & as an
excmplar can be increased 10 some other points
have positive responsibilities For point & being
their exemplar, To limit the influence of strong
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incoming positive  responsibalities, the 1otal
sum is thresholded so that ot cannot zo above
ero. The “selt=availabiliy™ al k&) 15 updated
difterently:

ailk.k) — Z max{0,-(i’ k}}

F=Liwk

[3)

This message reflects accumulated evidence that
point & is an exemplar, based on the positive
responsibilitics sem o candidate exemplar &
from other points.

The above update rules require only simple,
local computations that are casily implemented
(2), and messages need only be exchanged be-
tween pairs of points with known similaritics,
Al any point during affinity propagation, avail-
abilitics and responsibilitics can be combined 1w
identify exemplars. For point £, the value of &
that maximiees a(ik) + rlikd cither identifies
point § as an exemplar 108 = 7, or wdentifics the

data point that is the exemplar for point 4, The
message-passing procedure may be wenminated
alter a fixed number of ilermtions, alier changes
in the messages [all below a threshold, or aller
the local decisions stay constant for sene num-
ber of iterations. When updating the messages,
it is important that they be damped 1o avoid
numencal oscillations that arise in some cir-
cumstances. Each message is set to & times its
value from the previous iteration plus 1 - &
times its prescribed updated value, where
the damping factor & is between 0 and 1. In
all of our experiments (3), we used a default
damping factor of & = 0.5, and cach iteration
of affinity propagation consisted of (i) up-
dating all responsibilities given the availabil-
ities, (ii) updating all availabilities given the
responsibilities, and (iii) combining availabil-
ities and responsibilitics 1w monitor the ex-
emplar decisions and werminate the algorithm

REPORTS

when these decisions did no change for 10
ilerations,

Figure 1A shows the dynamics of aflinity
propagation applicd 10 25 wo-dimensional data
poants (F), wsing negatve squared cmor as the
similarity. One advantage of affinity propagation
is that the number of exemplars need not be
specificd beforchand. Instead, the appropriate
number of exemplars emerges from the message-
passing method and depends on the input ex-
cmplar preferences. This enables automatic
maodel selection, based on a prior specification
of how preferable cach point s as an exemplar.
Figure 1D shows the effect of the value of the
common input preference on the number of
clusters. This relation is nearly identical to the
relation found by exactly minimizing the squared
error ().

We next studied the problem of clusiering
images of faees using the standard optimiza-

A
INITIALIZATION 1 ITERATION #1 1 ITERATION #2 1
.y ., s
“‘- +r.ar' b‘_‘_‘ o .‘..A-" -~ " '.‘.p"'. “__!
i’-: "_,,l-—-.."'.. Wi d .' —% e - df % .rd'-ll-_.‘,.I
. - - . By LL . ie
.' L "‘ gy - L ]
w\‘ .a e
¥ g—y U e
-’ - .
- - -
L Y -
ITERATION #4 CONVERGENGE
RN,
l"{ -a
. afre
%.‘

Fig. 1. How affinity propagation works.
(A} Affinity propagation is illustrated for | non-exemplar ee——xcmplar I
two-dimensional data points, where nega-
tive Euclidean distance (squared error) was B c D
used to measure similarity. Each point is
colored according to the current evidence  Sending responsibilities Sending availabilities L
that it is a cluster center (exemplar). The § = »
darkness of the arrow directed from point /7  Candidate Competng Candidato a0 '
to point k coresponds to the strength of ***™Par* cancidate exemplar & ) "E i — /
the transmitted message that point i L — O ‘--.._'1'_::- % 1t |
belongs to exemplar point k. (B} “Respon- o @ é . l i o
sibilities” r{f.k} are sent from data points to WL =1 Supporting 3 — -
candidate exemplars and indicate how alik’) S oS e
strongly each data point favors the candi- @@ ) '
date exemplar over other candidate exem- e @ Value of shared preference
plars. (C) “Availabilities” alik) are sent Data point i Data paint |

from candidate exemplars to data points

and indicate to what degree each candidate exemplar is available as a cluster center for the data point. (D) The effect of the value of the input preference
{common for all data points) on the number of identified exemplars (number of clusters) & shown. The value that was used in (A} is also shown, which was
computed from the median of the pairwise similarities.
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tion criterion of squared ermorn, We used both
allinity propagation and E-centers elustering lo
identify exemplars among 900 gravscale images
extracted from the Oliventi face database (3),
Allinity propagation found  exemplars with
much lower squared crror than the best af [0
runs of f-centers clustering (Fig. 2A), which
ook aboul the same amount of computer Hime.
We asked whether a huge number of random
restans of L-centers clustering could achicve the
same squared error. Figure 2B shows the cror
achieved by one run of affinity propagation and
the distribution of crrors achicved by 10,000
runs of k-centers clustering, plotted against the
number of clusters. Affinity propagation uni-
formly achicved much lower eror in more than
two onders of magnitude less time, Another pop-
ular optimization criterion is the sum of ab-
solute pixel dilferences (which beter wlerates
outhvimg pixel mtensities), so we repeated the
above procedune using this ermor measure, Allin-
iy propagation agamn uniformily achieved lower
crror (Fig. 20,

Many twsks require the wentilication of ¢x-
emplars among sparsely related daa, e, where
mos similantics ane cither unknown or large
and negative. To examine alfimity propagation in

A

IE’HE‘I‘II&E‘H'ZEHEMEIP
W RPN |
ﬂiﬂ@iﬂ‘.'ﬂ!lﬂﬂ ﬂ

-

k-canters chustering

4 (10,000 runs)
10% 1o B0

[ R Y
[ B ELATT T Y
 Min i Max

— AMinity propagation
1 runj

Average squared ormor
B 3

BO
&0

] 50 100 150 HH;

Number of clusters

this context, we addressed the sk of clustering
putative exons o find genes, using the sparse
similarity matnx derived from microamray data
and reponted in (4). In that work, 73,060 scg-
ments of DNA (60 bases bong) comesponding o

putative exons were mined from the genome of

mouse chromosome 1. Their transeription levels
were measured across 12 tissue samples, and the
similarity between every pair of putative exons

(data points) was computed. The measure of

similarity between putative exons was based on

their proximity in the genome and the degree of

coordination of their ranscrption levels across
the 12 tissues. To account for putalive cxons
that arc not exons (c.g., introns), we included an
additional artificial exemplar and determined the
similarity of each other data point 1o this “non-
exon cxemplar” using statistics aken over the
entire data st The resulting 75,067 = 75,067
similanty manx () consisted of 98T 3% sim-
ilarities with values of =, comesponding 10
distamt DNA segmems that could not possibly
be part of the some gene. We apphed affinity
propagaion o s simlanty malnx, but be-
cause messazes nead not be exchanged between
point i and & if s(ik) = -0,
alliniy propagation required exchanging mes-

0

Average absolute error

1 55281

200

=]

50 100 150
Mumbsar of clustars

Fig. 2. Clustering faces. Exemplars minimizing the standard squared error measure of similarity were
identified from 900 normalized face images (3). For a common preference of —600, affinity
propagation found 62 clusters, and the average squared error was 108, For comparison, the best of
100 runs of k-centers clustering with different random initializations achieved a worse average
squared error of 119. (A} The 15 images with highest squared error under either affinity propagation
or k-centers clustering are shown in the top row. The middle and bottom rows show the exemplars
assigned by the two methods, and the boxes show which of the two methods performed better for that
image, in terms of squared error. Affinity propagation found higher-quality exemplars. (B) The
average squared error achieved by a single run of affinity propagation and 10,000 runs of k-centers
clustering, versus the number of clusters. The colored bands show different percentiles of squared
error, and the number of exemplars corresponding to the result fram (A} is indicated. (C) The above
procedure was repeated using the sum of absolute errors as the measure of similarity, which is also a

popular optimization criterion.
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cach neration of

sapes between only a tiny subset (027% or 15
million ) of data point pairs,

Froure 3A illustrates the wdentification of
wene clusters and the assignment of some data
points 10 the nonexon exemplar. The recon-
struction crrors for aflinity propagation and &-
centers clustering are compared in Fig. 3B,
For cach number of clusters, affinity propa-
gation was run once and ok 6 min, whereas
k-centers elustering was mun 0,000 times and
took 208 hours, To address the question of how
well these methods perform in detecting bona
fide gene segments, Fig. 30 plos the true-
positive (TP) rate against the false-positive (FP)
mte, using the labels provided in the RefSeq
database (51 Aflinity propagation achicved sig-
nificantly higher TP rates. especially at low
FI' mates, which are most imponant to biolo-
zists, Al a FP rate of 3%, allinity propagation
achieved a TP rae of 39%., whercas the best
k-centers clusterimg result was 17%. For com-
parnison, atl the same FP rate, the best TP mte
for erarchical agglomerative clustenng ()
was 19%, and the engincenng ool desenbed
in (4, which accounis lor additional bio-
logical knowledge, achieved a TP rate of 43%.

Adlinity propagation’s ability 10 operate on U
basis of nonstandard optimization cnteria makes
it suitable for exploratory data analysis using
unusual measures of similanty. Unlike metrie-
space clustening techniques such as d-mweans
clustering (/). affinity propagation can be ap-
plicd 1o problems where the data do not lic in a
continusous space. Indecd, it can be applied to
problems where the similaritics are nol symimet-
ric [Le., sink) 2 sik.0] and 10 problems where the
similarities do not satisfy the tiangle incquality
|ie.. sik) = () + = L&) To identify a small
number of sentences in a draft of this manuscnpt
that summarize olher sentences, we treamed cach
sentence a5 a “bag of words™ (4) and computed
the similarity of sentence § 1o sentenee & based on
the cost of encoding the words insentenee 7 using
the words in sentence £ We found that 97% of
the resulting similanties (2, 3) were not symmet-
ric. The preferences were adjusted o idently
fusing & = 0.8 diflerent numbers of representa-
tive exemplar sentences (2), and the solution with
four sentences 1s shivwn i Fig, 4A.

We also applicd attinity propagation 1o ¢x-
plore the problem of identifying a restricted
number of Canadian and American cities that
are most easily accessible by large subsets of
other cities, in werms of estimated commercial
airine travel time. Each data point was a city.
and the similarity (i &) was set o the negative
time it takes 1o travel from city 7 1o city & by
airling, including estimated stopover delays (3).
Due to headwinds, the transit time was in many
cases different depending on the direction of
travel, so that 36% of the similarities were
asymmetric. Further, for 97% of city pairs §
and &, there was a third city 7 such that the
triangle inequality was violaed, because the
trip foom i o & included a long stopover delay
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in city 5o il ook longer than the sum of the
durations ol the trips from f 1o § and § 1o &
When the number of “most accessible cities”
wis constrained 1o be seven (by adjusting the
input preference appropriately). the cities
shown in Fig. 4. B o E, werne identified. [t is
intcresting that several major citics were not
selected, cither because heavy  international
travel makes them inappropriate as casily ac-
cessible domestie destinations (e.g., New York

City, Los Angeles) or because their neigh-
borhoods can be more efliciently accessed
through other desunations (e.g., Atlanta, Phil-
adelphia, and Minneapolis account for Chi-
cago’s destinations, while aveiding potential
airport delays).

Affinity propagation can be viewed as a
method that searches for minima of an energy
function { 7) that depends on a set of N hidden
labels, ¢,....0p comesponding to the N data

— Afinity propagabion
-coniers chmlanng

= (10,000 runs)

= Random guassng

1 2 3 4

False positva rate (%)
Fig. 3. Detecting genes. Affinity propagation was
wsed to detect putative exons {data points) com-
prising genes from mouse chromosome 1. Here,
squared error i not appropriate as a measure of
similarity, but instead similarity values were
derived from a cost function measuring proximity
of the putative exons in the genome and co-
expression of the putative exons across 12 tissue
samples (3} (A) A small portion of the data and
the emergence of clusters during each iteration of
affinity propagation are shown. In each picture,
the 100 boxes outlined in black correspond to 100

data paoints (from a total of 75,066 putative exons), and the 12 colored blocks in each box indicate the
transcription levels of the corresponding DNA segment in 12 tissue samples. The box on the far left
corresponds to an artificial data point with infinite preference that is used to account for nonexon
regions le.g., introns). Lines connecting data points indicate potential assignments, where gray
lines indicate assignments that currently have weak evidence and solid lines indicate assignments
that currently have strong evidence, (B) Performance on minimizing the reconstruction error of
genes, for different numbers of detected clusters. For each number of clusters, affinity propagation
took & min, whereas 10,000 runs of k-centers clustering took 208 hours on the same computer. In
each case, affinity propagation achieved a significantly lower reconstruction error than k-centers
clustering. (C) A plot of true-positive rate versus false-positive rate for detecting exons [using labels
from RefSeq (5)] shows that affinity propagation also performs better at detecting biologically

verified exons than k-centers clustering.
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points, Each label indicates the exemplar 1o
which the poim belongs, so that side) is the
similarity of data point § 1o its exemplar. ¢ = |
is a special case indicating that point 7 s isell’
an exemplan, 5o that s(i.c) is the inpul prel-
erenee for point & Mot all configurations of the
labels are valid: a configurmion ¢ is valid when
for every point £ if some other point & has
chosen @ as its exemplar (i.c., ep = £). then § must
be an examplar (ic., ¢ = i) The aengy of a
valid configuration is Ele) = ~¥0,; stic;). Ex-
actly minimizing the energy is computationally
inractable, bocause a special case of this min-
imization problem is the NP-hard f-median prob-
lem (¥) However, the update rules for affinity
propagation comespond 1o [ixed-point recursions
for minimizing a Bethe lree-cnergy (Y) approx-
imation. Allinity propagation is most casily de-
rved as an instance of the max-sum algorithm
i a factor graph (/0) describing the constraints
on the labels and the energy Tunction (21

In some degencrne cases, the enengy function
may have muliple minima with comesponding
multiple fixed pomts of the update mles, and
these may prevent convengence. For example, il
1.2y = s 2.1) and s(1.1) = 5(2.2), then the solu-
tions ¢y = 2= | and ¢ = 2 = 2 both achieve the
same enerey, In this cise, allmity  propagzation
may oscillie, with both data points altemating
between being exemplars and nonexemplars. In
practice, we found that oscillations could always
be avoided by adding a tiny amount of noise 1o
the similaritics o prevent degencrate situations,
or by increasing the damping factor

Alfinity propagation has scveral advan-
tages over related techniques. Methods such
as k-conters clustering (1), &-means clustering
if), and the expectation maximization (EM)
algorithm (/) store a relatively small sct of osti-
mated cluster centers al cach step. These tech-
migues are improved upon by methods that begin
with a large number of clusters and then prunc
them (42}, but they sall rely on rndom sunpling
and make hard pruning decisions that cannot be
recovered from. In contmst, by simultancously
considenng all data points as candidine  centers
and gradually identilying clusters, affinity propa-
gation is able o avoid many of the poor solutions
caused by unlucky mitializations and hard deci-
sions. Markov chain Monte Carlo technigues
{13} randomly scarch for good solutions, but do
mot share affinity propagation’s advantage of
considering many possible solutions all at once.

Hicrarchical agglomerative clustering  {(/4)
and spectral clustering (/) solve the gquite dif-
ferent problem of recursively comparing pairs of
points 1o find partitions of the data, These tech-
miques do not require that all poims within a
cluster be similar to a single center and are thus
ol well-suited o many tasks. In particular, two
points that shoubd not be in the same clusicr
may be grouped together by an unforunate se-
quence of pairwise groupings.

Ins (&), it was shown that the related metric
K-median problem could be relaxed o form a
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linear progrm with @ constant clor approsima-
tiom, There, the inpat was assumed o be matne,
12, nonnegative, symmetne, and satsiving the
tranghe ineguality, In contrast, allinity propagation
can take as mput general nonmetric similantics,
Adlinity propagation also provides a coneeptually
new approach that works well in practice. Where-
as the lincar programming relaxation is hand 1o
solve and sophisticated software packages need w

A Examplar sentences lrom draft of this paper:

1) Affinity propagation identifies exemplars
by recursively sanding roal-valuod
messages batween pairs of data paints.
2) The number of identified exemplars
(number of clusters) is influenced by the
valuss of the input preferences, bul also
emarges from the message-passing
procadure.

4) The availability a(i k) s s8t 10 the salf-
responsibility rik k) plus the sum ol the
positive responsibilities candidate axemplar
k recetves from oliver poinis.

4} For different numbers of clusters, the
reconstruction ermors achieved by affinity
propagation and k-cenlers clustering are
compared.

be applicd (eg, CPLEX). alfinity propagation
makes wse of intuitive message updates that can
b implemented inoa few lines of code (2.
Allinity propagation is relmed i spant 1o wch-
nigques recently wsed oo obtain . record-breakimge
results in quite different disciplines (/). The ap-
proach of rcecumsively propagating messages
(/7 in a “loopy graph”™ has been used to ap-
proach Shannon’s limit in error-correcting de-
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Fig. 4. |dentifying key sentences and air-travel routing. Affinity propagation can be used to explore
the identification of exemplars on the basis of nonstandard optimization criteria. (A} Similarities between
pairs of sentences in a draft of this manuscript were constructed by matching words. Four exemplar
sentences were identified by affinity propagation and are shown. (B) Affinity propagation was applied to

similarities derived from air-travel efficiency (measured by estimated travel time) between the 456 busiest

commercial airports in Canada and the United States—the travel times for both direct flights {shown in

blue) and indirect flights (not shown), including the mean transfer time of up to a maximum of one

stopover, were used as negative similarities (3), (C) Seven exemplars identified by affinity propagation are
color-coded, and the assignments of other cities to these exemplars is shown, Cities located quite near to
exemplar cities may be members of other more distant exemplars due to the lack of direct flights between

them fe.g., Atlantic City is 100 km from Philadelphia, but is closer in flight time to Atlanta). (D) The inset
shows that the Canada-USA border roughly divides the Toronto and Philadelphia clusters, due to a larger
availability of domestic flights compared to international flights. However, this is not the case on the west
coast as shown in (E), because extraordinarily frequent airline service between Vancouver and Seattle
connects Canadian cities in the northwest to Seattle,
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coding (/8 19, solve mandom  satishability
problems with an order-ol=maeminde mensse in
siae (201 sobve mstances of the NP-hand 1wo-
dimensional phasc-unwiapping problem (27, axd
clliciently estimate depth from pairs o stenco
mmages (22 et o our knowledze, atfinity prop-
agation is the first method © make use of this idea
w solve the ageold. fmdamental problem of
clustering data. Because of its simplicity, general
applicability, and performance, we believe affin-
ity propagation will prove o be of broad value in
science and enginecring.
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Reversible Concerted Ligand
Substitution at Alternating
Metal Sites in an Extended Solid

Darren Bradshaw,! John E. Warren,” Matthew ]. Rosseinsky®

We report a synthetic material, [Coz(bipy)a(50a)2(Hz0);](bipy)(CH3OH), (1, where bipy = 4,4'-
bipyridyl) that contains discrete reactive and inert structural motifs that undergo a reversible
substitution reaction involving the concerted and spatially controlled intreduction of bipyridine and
methanol molecules at the reactive sites. This reaction defines the pore geometry of the resulting
open-framework structure and controls the manner in which this structure sorbs small molecules.
The molecules involved in the reaction are positioned by an array of well-defined interactions

during their path to binding to the metal centers.

stended orvatalhine solid armavs based on

the coordination of muludentate organic

hgands o metal centers have produced
unusual structuml Texibality (£), meluding struc-
tural (2= and functional (9, 1) responses 1o
st sorption and reactivity between network and
ruesl species (11, 120 Additionally, classes of or-
panic solids can undergo cooperative motions o
permit molecular transport through  nonponous
solids (L3) Inorganic linkers can be combined
with onganic ligands in the construction of these
miatersals {/4). IF such extended amrays are to be
used further o direet multiple small molecules
cooperatively in chemical reactivity and tans-
poat i a manner reminisoent of eneymes, they
would probably require complex  asvimmetric
units 10 accommodate the necessary chemisin
within the solid. We show that the erysialling
solid [ Cosd bipy ( SOg (08 |(bipy § CHAOH)
(1. where bapy 4. 4-bipyndyl) has discrete
reactive and inert structural motifs that |||n|-.'|gu
a reversible substtution reaction that involves
the concerted and spatially ordered introduction
of two differcnt molecules an the reactive sies,
This process 15 accommodated with the reten-
tionn of long-range order by cooperative struc-
tural rearrmngements withm both motifs,

he control of the reaction by the structure off

I can be precisely undemstood because of the
single-crvstal nawre of both reagen and prosduct.
The enmenng proups i the substitution reaction
are located in their pre-reaction positions in 1 by
a diverse amay of weak ntermctions. The nesult-
ing material, 17, is porous, with a porosity defined

structurally and functionally by the wpology of

the substitution neaction

A controlled reaction of methanolic solutions
of CoiS0, ) THa) and 4 4bipyridine with a
metalligand ratio of 1710 (£3) under ambicnt

Ipepartment of Chemistry, University of Liverpool, Liver-
pool LEG TZD, UK. *Synchrotron Radiaticn Source, Council
for the Central Laboratory of the Research Councils
Daresbury Laboratory, Warrington WA4 4AD, LK

*To whom correspondence should be addressed. E-mail:
m.j.rosseinsky@liv.ac.uk
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condinons resulted m pink block-shaped crvstals
of 1 after several weeks, Structurl analvsis by
single-crystal x-ray diffraction at 298 K revealed
that 1 15 compoesed of two distinet metal-organic
structural umits that are cross-linked into three
dimensions via bidemate bridging SO,* an-

wns o give a hyvbnd famework of compo-
siion | Coahipy s SOy a(HaO0: ], with  both
morganic and organic ramework-delining
ligands (Fig. 1) The st structural unit s a
Cotbipy s square 2nd that s delined by two of
the three symmetry-independent bipy  mole-
cules that comstitute the overall framework.
This two-dimensional (2D} prid stacks along
the 001 direction in an ABA fashion, with al-
ternate grids offset by Y% b,
repeal distance along the v axis (fig. S1) (£35).
Coordination at these Collly centers is octa-

where b 15 the

ledral, with four bipyridyl ligands in the
plane of the grid and wo sulfate-denved O
atoms occupying the apical sites. These S( 5.;:
anions connect the square grids to the second
structural unit: a 1D Coibipy) chain (Fig. 1, A
and B), in which meotal coordinaion is also
octahedral, wih X atoms from the two chain-
formimge bipyvrdyl heands and two trans water
molecules and two trans O atoms from the
bridging SO,* anions forming the metal co-
ordination sphere. The chains thus link one
square grid 1o another via two bridgimg S( 1;":
anmions (Fig, 1B). The kev difference between

Fig. 1. (A) Coordination about the two structurally distinct Co centers in 1, which are linked by the
50,>" anion. The metal associated with the square-grid network is light blue and that associated
with the 10 chains is purple. O from the linking 50,2~ anion and the water bound to the chain
metal sites are red; 5, yellow; C, gray; N, dark blue. (B} The extended structure of 1 viewed along
the 100 direction. The bipy ligands from the square grids are light blue and those from the chains
are purple, emphasizing the relation between the two distinct components of the structure linked
by the $0,% anions (5, yellow; O, red). The chains pass through the grids at an angle of 129.3°. All
H atoms and guest species are omitted for clarity. Double interpenetration of this structural motif is
seen in nonporous [Cus(bpels(S040:(H;01;]-2H:0, where bpe is frans-1,2-bis-(4-pyridyliethylene
(20). (C) The extra-framework bipyridines (dark blue) form a 2D hydrogen-bonded layer by inter-
action with the Colbipy) chains (viewed along the 101 direction). The location of the channels,
occupied by CHyOH molecules in 1, is marked by the green circles. Bipyridyls from the Colbipylz
square grids are light blue, those from the Colbipy) chains are purple, and H atoms are omitted.
(D) Each extra-framework bipyridine in 1 closely interacts with two Colbipy) chains, forming two
hydrogen bonds (dashed yellow lines) to the metal-bound water molecules. The CH3OH guests are
held in position by hydrogen bonding to the framework-forming 504° anions.
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the two stracturel uinits is that the chamns in The extended Tramework of 1 bas an open
the second unit contain substitutionally active

metal centers 945 A7 that represent 40% of the unit-cell vol-

!; 1 (solvated)

v -

1" (desolvated)

368K, -2(H,0)
B ———
—ee

298K, +2(H,0)

1" (rehydrated)

Fig. 2. The Colbipy} chains in 1 undergo a reversible bimolecular substitution reaction upon
heating to 368 K. The bipyridine and CH3OH guest molecules {purple) occupy hydrogen-bonding
positions in the channels of solvated 1. The incoming guest species displace metal-bound water
upon heating to produce a chain that has bipyridine and CH;OH bound to alternate metal centers
along the chain in 1°. When 1" is cooled back to 298 K and exposed to the laboratory atmosphere,
water is taken up to give a rehydrated phase, 1"; the water displaces the substituted ligands at the
chain sites in 1" to return the structure to that of 1. 1", and not 1, is used to denote the rehydrated
material, Although the extra-framework ligands in 1" are no longer bound to the Colbipy) chains, thus
demonstrating the reversibility of the substitution reaction, the solvent composition in the channels
will clearly be different from the parent solvated phase 1, hence the distinction between the two phases
is made. The inset pictures show how the color of the crystal changes as the substitution process evalves.

Fig. 3. (A) The CHyOH and extra-framework bipyridine guest species move in a cooperative man-
ner to substitute labile water ligands at the Colhipy) chainsin the transformation from 1 to 1" (viewed
close to the 101 direction). The bipyridine that was initially hydrogen-bonded symmetrically must
select one of two initially equivalent chains, shown in dark blue and red. The extra-framewark
bipyridine and CH;0H guests are colored according to which chain they are associated with in 1 and
which they are bound to in 1. The white lines are shown as a guide to the eye to illustrate the
perpendicular motion of two neighboring bipyridine molecules, and the yellow arrows in 1 indicate
the guest molecules that bind to the chains in 1°, Figure 53 (15) shows the evolution of the structure
along the 001 and 101 directions. (B} The evalution of the positions of the CH3OH and bipyridine
guest molecules between two neighboring chains in the substitution reaction to form 1° from 1,
producing a chain with alternating metal sites.

16 FEBRUARY 2007 “OL 315 SCIENCE w

30D powe structure composed of large voids of

e Al 298 K, pantial desolvation of crystals of
I places one CHyOH molecule and one extrr-
framework bipyridy] lizand that are no coondi-
nated 1w the metal centers mn this extra-lrmmework
52y (13)
ordinated bipyridyl ligand occupies a hvdrogen-
bonded position (M. .0 2809 A) (£6) ntermcting

and hg The nonco-

space (Fie ¢

molecules from
1D 1o
form a hydrogen-bonded laver (Fig. 1C) within

with the metal-bound water

two neighboring Coibipy)y chains (Fig.

the 3D framework. This interaction places the
bipyrdine molecule in the sccondary coondina-

tion sphere of the metal cations in the chain

component of the structre, The position of the
CH3OH guest is also erystallographically well
defined (Fiz. 1D) because of hvdmogen bonding
to the S( ].|: anon (0,0 3,108 A and a non-
classical interaction with the bipyridyl C-H
(0,0 2760 A The two guest molecules are
thus precsely located by noncovalent mterac-
tons with the framework

When a single ervstal of 1 was heated o 368 K
for 1 hour, the ervstal changed color from pink
to purple, without the loss of crystalhmty o
diffracting power, to allond the desolvated mate-
nal 1*. Determination of the structure of 1' m
368 K (an experment repeated with whentical
results on three different crvstals) revealed that

the two guest molecules were incorporated

the extended framework tself, 1© give a fmme-
work composition of [Cos(bipy 050 (CHLOE )

i

for 1°. This ligand substitution occurred solely at
the metal centers in the chain component of 1,
where the two labile metal-bound water hizands
were displaced by the two imcoming ligands, in
a spatially correlated manner at neighboring
metal centers, This subsiiution reaction created
a Co chain in which two CHyOH and two bi-
pyridine molecules were bound to aliemating
Co cemters along the chain w give 17 (Fig. 2).
This substitution of either two bipyndine or
twio CHaOH molecules ot each metal cer
driven by cooperativity between the incoming
groups and the imposed structural relaxation on
the chain. The extm-lramework bipyndine |
ands must move by ~ 28 A o bind w0 one of

1=

the two nearcst metal centers, which destroys
the symmetrical environment of the bipyndine
molecule as 1t moves from s position midway
between two chains o substitute a water mole
cule at one chain metal site. A cooperative per-
pendicular motion of neighbonng  hipyndine
molecules takes place in order to completely
substiute twio water molecules on cither side of
the chains at half of the Co centers i the trans
formation from 1w 1° (Fig. 3A and fig. 53)
(£3). The coordinated bipyrdine in 17 5 bound
w the metal centers i a monodenae fashion
(Fig. 3B and fig. 53) (/3) and the second aro-
matie M atom extends mto the void space 1o
provide a basic sie

As in 1%,

one coordinate bond n the primary coordina-

cach enterimg bipyridine makes

ton sphere of a single Co cation rather than

twor hvdrogen bonds in the secondary coordi-



nation spheres of two cations (as in 1) com-
plete substitntion of the bound water molecules
requings the introduction of one further ligand
per metal center: the CHOH guest molecule,
The CHsOH molecules move by 441 A 1o
alford concerted substitution of all of the wa-
ter ligands at the chain sites in a spatially cor-
related manner (Fig. 3B). The breaking of the
symmetry of the bipyndine environment in
1 produces the froe N function that weakly inter-
acts with the methyl groups (N...H-C 3.10 A)
of the CHyOH molecules coondinating to the Co
centers at adjacent chains. This interaction would
nod be possible because of distance consider-
iﬂil.l]'l.“ |!. A Wl |!‘IH|L'\.".I|L' |L'||.|i.|i||'\..'l| |'|l.||.||l.1.! dal
these sites.

[he substitution reaction transforms the na-
ture of the chain from that with a single metal
site 10 than with altermating metal sies. The -
creased stene demand of the enterimg bipyndine
lgand, 10 companzon with that of the depanmg
water molecule (fig. S4) (13), produces an elon-
gatson of the bond lengths at the Co site 1o which
il coordinates
angle 1o the linking sulfine from 135,17 in 1 1o
1563 i 1° (wheneas this angle memans at
1339° an the less crowded methanol-coord inated
site in 173 The onemation of the incoming bipyr-
idine 15 imposed by the sullate groups inking
the chamns to the gnds via shon C-H.. .0 con-
tacts of 2.35 and 243 A (fig. S4) (/5). The
spatial requirements of the pyridyl C-H units

and a change of the 5-0-Co

adjacent to the metal-binding N are consider-
ably greater than those of the protons of the re-
placed water molecule, and these roquirements
force the pyridyl ring adjacent to the incoming
bipyridine 1o displace aliemately below  and

Fig. 4. The binding of
CHsOH and bipyridine
motecules (highlighted in
purple) at adiacent metal
sites on the chain in 1°
makes the two pyridyl
units in the chain-forming
bipyridyl inequivalent.
The pyridyl ring bound
to the Co site coordinated
by the entering bipyndine
is dsplaced above and
below the chain, caus-
ing puckering in order to
prevent steric clashes
between the C—H groups
indicated with white
dotted lines. The struc-
ture at the top left shows
that this puckering of
the chains induces a
distortion in the bipyridyl

above the cham 1o a greater extent than cither
of the pyridy]l rings in 1 oor those nngs coor-
dinating 1o the neighbonng methanol-bound Co
site i 1" (Fig. 4)

This sene requirement necessanly imposes
incquivalence on the two ends of the chain bi-
pyrdine in 1°, and it resulis in the closest
C-H...H-C contacts of cquivalent length at
both metal sites on the chain (287 A at the
bipy-bound Co and 283 A at the methanol-
bound C'o). The alternating displacement of the
pyridyl rings in the chain on cither side of the
bipyridyl-coordinated Co accommodates all of
the steric crowding at one metal center and
drives the formation of the altemating rather
than equally substituted chain in 1. The chains
in 1" thus become substantially puckered as
compared 1o those in 1, and they imposce a fp-
pling distortion on the amm of the grads that most
closely approach the chams (Fig. 4. wop lell)
Structurm] relaxauon at both the reactve cham
and the structuml grid components (hg 55)
(45} 15 thus required 1o accommaodate the sub-
shitution reaclion

The difference map revealed no substantial
¢lectron density in the channels of 17 at 368 K
[he substitution reaction has thus formed a
porows material whose 10 channe] structure 15
directly determmed by the puest species that
have vacamed the extra-framework space

The bimolecular binding event al adjacent
metal centers leading 1o 1% is reversible, After
the cryvstal was removed from dry Ns amd al-
lowed to stand at room temperature ovenight
in laboratory air, the uptake of atmospheric

water displaced the bipyridyl and CH5OH

ligands bound to the Colbipy ) chains o g2ive a

linkers in ome arm of the unreactive grid component of 1° (viewed along the 101 direction as in Fig. 10,
Figure 55 (15} & a schematic of the coupled distortions at the grid and chain components. Bond lengths
about the metal centers along the chain are Co—Nggn, 2.171(7); Co-Ocnzon, 2.13005); Co-Ogna, 2.089(5) A
for CHzOH-bound Co and Co—Nguin 2.23107) Co—Noon, 2.207(5): amd Co—0gng, 2.13005) A for bipy-
bound Co, where N, i from the chain-forming bipyridyl ligands, and Nygng i from the guest bipyridyl

that is now bound to the chain.

WA, SCIL‘".‘"‘I{H:‘I".‘I._:IC_| -!'_)I'(:|
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rehydrated phase, 17 (Fig. 2) (/3). 11 however,
the crystal was cooled o 298 K in the dry zas
stream. the extra-framework bipyndine did no
retum W its original position upon cooling but
remained bound to the metal. This ditterence
indicates that the process of ligand movement
and binding is driven by the thermally induced
compositional change of the channel specics;
as in the absence of excess waler |'h.'i||:_' avail-
able o displace the metal-bound bipyvridine
in 1°, the substitution reaction is irreversible
(15). The bipyridyl ligand is thus control-
lably a guest specics or a component of the
framework.

PLATON (17 analysis of 1'
cxim-framework volume of 24.3%

revealod an
, wilh a pore
structune consisting of 11 channels with narrow
constictions aliened along the 101 direction
||i;_"\ SO and ST (/3 The cross section of the
narronwest poant of the channels in 1715 248 =
207 A
CH3OH extends into the void space 1o weakly
mteract with the uncoordinated bipyndyl N tha

The methyl group of the metal-bound

prevents the widening of the channels al these
points upon displacement of the water mole-
cules from 1L Measuremen of COs somption
198 K on bulk samples [which form with a re-
duced channel bipy concentrmtion as compancd
tir the three erystals studied here (1.3 revealed a
type I microporous motherm (g, S8) (£3) and a
Brunaver-Emmeti-Teller (BET) derived  sur-
face area of 221(3) m* &, where the number in

parcntheses indicates the cstimated 5D of the

measured surface area, consistent with  that
expected from the pore size (&)
Hvdrogen isothenm measurcments at 77 K

reveal hysteresis upon desorption (fig. 593 (/3) in
a very similar way o that reported for phases of
composition | Nig{bipy R(NOaly] (%), consistent
with the 1D pore structune of 1 having narmow
The
prescnee of the extra-lmmework bipvndyl in
1 s o prerequisite for this rapping behavior, as in
ils absence the 3D pore structure of 1 would be
too open fior this o eccur. The introduction of the
giest molecules 1 into the framework in 1°
thus delings the pore dimensions and hence the
detailad somption response,

The structure of 1 is modular, because two
distinct metal-oreanic nets (the prmary structur-
al motifs) are connected by a ngid morganic
linker. The chains can underzo substitution at
every constituent metal center, whercas the grids
form a robust scaffold that ensures that the strue
tural integnty of the material & raaned. The
distinet relaxation of the grids via the bowing of

constrictions along the channel length.

the fMexible organie bipyridy]l linker accommo-
dates the structural strain arising from the change
The

reachivity Tound here depends on the preorzan-

of coordination a1 the chain metal sites

anon of the reacting molecules an the meal

center by diverse weak miberactions with the

framewaork structural motil (20 The targeted
synthesis of materials with this teature wall be

necessary 10 generalize this observation,
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Magmatic and Crustal Differentiation
History of Granitic Rocks from Hf-0

Isotopes in Zircon

A. L. S. Kemp,'2* C. ). Hawkesworth,® G. L. Foster,® B. A. Paterson,® ]. D. Woodhead,?

]. M. Hergt,® C. M. Gray,® M. ]. Whitehouse®

Granitic plutonism is the principal agent of crustal differentiation, but linking granite emplacement
to crust formation requires knowledge of the magmatic evolution, which is notoriously difficult to
reconstruct from bulk rock compositions. We unlocked the plutonic archive through hafmium (Hf)
and oxygen {Q) isotope analysis of zoned zircom crystals from the classic hornblende-bearing
(I-type) granites of eastern Australia. This granite type forms by the reworking of sedimentary
materials by mantle-like magmas instead of by remelting ancient metamorphosed igneous rocks
as widely believed. I-type magmatism thus drives the coupled growth and differentiation of

continental crust.

arih’s vencer ol continental crust is

unique among the known terrestrial

planets and atiests to a distinctlive mode
of planctary differentiation (/). The vast granitic
batholiths and their erupied analogs that domi-
nate continemal landmasses are an obvious
manifestation of such differentiation. Yet how
gramtes relate o crustal growth processes re-
maims puzzling, because the majority of these
rocks have ssotope signatures that preclude a
direet mantle ancestry (2-6). The paradigm from
studies in the Lachlan Fold Beh (castem Aus-
tralia) is that granitic magmas derive from pre-
existing sources that are fundamentally cither
supracrustal (fomed originally w0 Eanh's sur-
face) or infracrustal (igneous rocks that solidified
at depth) in charaeter, as reflected in the 5- and

*Bristal Isotope Group, Eanth Sciences Department, University
of Bristol, Bristol BSE 1R], UK. School of Earth and
Emarpnmental Scences, James Cook University, Townsille,
4811, Australia, YSchool of Earth Sciences, Unhersity of
Melboume, Victoria, 3010, Australia. *Centre for Theoretical
Isatope Studies, Greersborough, Vicoria, 3088, Australia.
*Swedish Museum of Natural History, Box 50007, SE-104 05
Stockholm, Sweden.

*To whom correspondence should be addressed. E-mail:
tony. kemp@ijcwedu,au
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I-type notation wsed to describe them (7).
Ciranites of [-tvpe aflinity are globally prevalent,
A corollary of the [-5 wype concept is that the
isotope compositions of granites reflect the
crustal residence prehistony of their protoliths
(). consteaining the age and architecture of the
deep erust as well as the tming of ancient crust-
formmg episodes. In contmst, other studics
attribute the isolope vanmations 1o inleraclion
between older crust and mamle-denved magma
(2. 5.6, 8) mplying that enustal growth is
intrinske o granitic emplacement. Mixing mod-
¢ls are controversial (93, because ascertaining the
timing and magniude of mantle input 15 m-
peded by difficulties with retrieving the record of
magmatic evolution from bulk granite composi-
tions. This recond s, however., preserved within
the chemical and isotope stratigraphy of cenain
minerals (H0-13) The robust accessory mineral
zircon has the advantage that its intricate growth
zoning can be dated by U-Ph isotopes, and it
tracks changing mell chemisiry in s HEand O
isotope mtios (3, [4), We report an integraned in
situ U-Ph, HE and O isotope study of sdrcons
from granites, in this case the Lachlan -ivpes, to
decipher the crustal evolutionary processes al-
tending silicic magmatism

We examined zircon crystals from three
granitic suites (eroups of ocks related through
commen geochenical trends )k Jindabyne [415
million years ago (Ma)), Why Worry (400 Ma),
and Cobargo (340 Ma), The Jindabyne plutons
intrude Sillunan (~425 Ma) S-type gramies,
whereas the Why Worry and Cobargo rocks are
emplaced into Ordovician metasedimentany
units at a depth of around 10 to 12 km Rocks
ol cach granitic suite have hallmark T-type
features i their abundance of homblende and
in having higher concemrations of Ca, Na, and
Srothan do S-aype granites of similar silica
coment (7). Samples at cither end of the com-
positional range of cach suite were lanpeted.
Zircons were also separated from a malic rock
associated with cach suite, these being a gabbio
{Jindabyney, synplutonic dolermte dvke (Why
Worry ), and diorite enclave (Cobargo ), The malic
rochs are coeval with the respective granitic suites
and share the same distinctive chemical featurnes
(15, 16), implving consanguinity.

The #ircons of all samples were first dated by
ion microprobe L-Ph isotope analysis (lable 51).
This idemified a minor inberited (pre-magmatic)
component in some samples (13 but the dis-
cussion below focuses on data obtained from
the magmatic poriion of cach zrcon. O 1solope
compasitions ("*0/'%0, expressed as 3'%0) (17)
wire determined from the same zircon growth
zone using @ Cameca IMS 1270 jon microprobe
{78 (able S2). Unlike bulk rock samples. zircon
isextremely retentive of the magmatic O sotope
ratio 4 /90, and zrcons in equilibrivm with pris-
tine mantle-derived melts have a narmow range
of 80 [5.3 + 0.3 permil (%0)] (/4). This rangc
s insensitive to magmatic differentiation, be-
cause the attendant rise in bulk ek 8'80 is
compensated for by an increase in zircon liquid
5"0 fractionation from +0.5%e for mafic melts
to + 1. 5% for silicic derivatives (/4). Values ol
5"0 in zircon above 3.6% thus fingerprint an
¥0-enriched supracrusial component in the
magma from which the zircon erystallized,
this being cither sedimentary rock (1010 30%a)
or altered volcanic rock (to 20%s) (20). The
o' TTHE ratios were measured by laser
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ablation multicollector inductively coupled plas-
ma mass spectiromaetry (/) (table 53, tarecting,
wherever possible, the pits gencrated by jon
microprobe analysis,

An imporant feature of the HE isotope data
{Fig. 1y is the spectrum of e HI values exhibited
by zircons of the same rock (up o 10 £ units)
{24}, Such variations within a single sample can
only be reconciled by the operation of open-
s:,-:-‘.lml_}lrmcsw:x that are capable of shifting the
EHEYTHE ratio of the melt from which the -
cons precipitated. To idemify these processes, il
is necessary 10 deduce the polarity of HF isotope
change during zircon growth. This can be ac-
complished by examination of immcrysial iso-
tope zoning trends and by pairing the isotope
variations with trace clememt ratios (such as
Th/lly that are proxies for the degree of dif-
ferentiation. In cases whene solope zoning 15
pronounced, S TTHE eencrally  decreases
tonward arcon nms, although some grans show
the opposite pattem. Tree element micro-

analvsis has estabhished thn THU ratios tvpi-
cally fall from core 1o mm in the studied zrcons
(table 51, and the eHT values of the zircons also
decrease systematically with ThiU (Fig, 2). We
interpret this as evidence for a progressive
reduction in the "*HI"HT ratio during the
magmatic cvolution of each suite, as would be
induced by the addition of an unradiogenic
{continental erust-like ) component. The reverse-
Iy zoned zircons manifest episodic input from
material with higher eHF values.

Coupling the "HEHE mtios of the zir-
cons with their O isotope compositions reveals
the nature of the crustal component, Zircons of
individual samples exhibit a 8"™0 mnge of 2 10
4%a, and, although rmrely resolvable, intragrain
heterogencity can exceod 1%. and involves a rise
in &0 from core o rim (lable $2). eHF and
"0 are correlated for zircons of each suite and
detime curved amavs that extend o much higher
§"%0 values than those of #ircons precipitated
from mantle melts (Fig, 3) These elevated %0

€ Hf (zircons)

124+ $

Bulk Earth

# Cobargo diorite
@ Cobargo tonalite
£ Cobargo granile
BWW basalt
E'WwW lonalite
CIWWY lonalite

7l | @ Jndabyne lonalite
O Jendabyme lonalite
® Jindabyna gabbm

1 2 3

-4 -7

€Nd (bulk rock)

Fig. 1. The Hf isotope composition of melt-precipitated zircons from samples of each suite as a
function of whole-rock Nd isotope composition at the time of crystallization (WW, Why Worry),

Error bars represent 2 SEM.
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values diagnose a substantial supracrustal com-
ponent in the Lachlan Fivpe gpranites, The iso-
tope array defined by zircons of cach suite has a
distinctive trajectory anchored by a differem
low-6""0 end member that s in equilibrium
with mantle O. For Jindabyne and Why Worry,
this corresponds 0 zicons of the associated
mafic intrusives. At higher 80 valucs, the ar-
rays converge toward the field defined by
magmatic #ircons of S-type granites and the in-
ferred HEOY isotope composition of the meta-
sedimentary country rocks.

The covariant eHf- §"™0 zircon arrdys are
therefore wacking the progressive interaction
between two end-member components during
zircon crystallization, these being parental low-
8'%0 magmas and metasedimenary-derived
materials. Such interaction could involve either
mixing and hybridization with crustal partial
melts or the digestion ol supracrustal ek
{assimlationy by low-8"%0 magmas, The or-
igin of the low-8"%0 magmas is not uniquely
constramed by the arcon sotope ammays. The
data are pemmissive ol an ennched mantle hern-
tge oran infracrustal progenitor, or of variable
combinations of the two (&), A predominantly
mantle derivation accords with the malic
characier of the inferred low-5"0 COMmponents.
These malic magmas were subsequently mid-
ified by crustal contamination, as is evidem
in the spread of zircon eHf and 8"0 values in
the Jindabyne gabbro and Why Worry basalt
{(Fig. 3), but zircon erystallized sulficiently
carly to retain vestiges of the original isotope
signature.

Although long suspected (5), a mixed and
partly supracrusial source for the Lachlan l4ype
granites i now incontrovenible. Major supra-
crustal input has also recently been inferred for
ather "O-enriched cireum-Pacific Iype plutons
(220, The remaining task s 1o quantify the
metasadimentary component of cach Lachlan
suitle and to determine the condinons under
which this was mcorporated. Assuming that
assimilation-fractional crystalliztion equations
23} are a reasonable approximation of magmat-
i evolution, most zircons in the Cobargo Suile

™ Cobargo Suite i Why Worry Suite i Jindabyne Suite
| o diorite u tonalite TKB100 091 ©tonalie KKa °
1.04 * tonalite * 1.0+ ©tonalite TKB1T 0. © tonalie KK2
< granite O & : @
08t *¥ 08 ) 07+ ol
= § z 06 P
=
£ 08 * 06 05 a @ ®
= o & B g 04 Eﬂr e
& T D
@
0l + L 0.4 - o 0.3 4
o2l 0zl — 02 . i ‘
tZae t2se 0.1 o t2s8
0.0 0.0 ' ’ 4 ' 00 4 -
1] 2 4 (2] =10 -B -6 -4 -2 [1] o] -5 -4 =3 =2 =1
& Hf £ Hf £ Hf

Fig. 2. Hf isotopic compositions of zircons from each suite plotted against the Th/U ratic measured for the same part of the crystal. Arrowed lines show
the sense of core-to-rim zonation for individual zircons.
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=
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=~ m

o '®0 (zircon) %e VSMOW

#® Cobargo dicrite
¢» Cobargo granite
B Why Worry basal
B Why Worry Suite

 Jindabyne Suite
@ Jindabyne gabbro

Fig. 3. Plot of 3*0 versus =Hf for zircons of this study, showing the putative curves corresponding
to magma evolution by crustal assimilation-crystallization (AFC) (23). Data from samples of each
suite are assigned the same symbol (error bars depict the average 2 SEM uncertainty). The %0
value of Lachlan metasedimentary rock is taken from (323}, and the shaded field depicts the isotope
compaositions of zircons from the Lachlan S-type granites, Ticks on the curves represent 10% AFC
increments, and the ratio of Hf concentrations in the parental magma (pm) and crustal {c} end
members (Hf,/Hf.} is indicated for each. VSMOW, Vienna standard mean ocean water; LFB

g Hf (zircon)

metased. rock, Lachlan Fold Belt metasedimentary rock.

Fig. 4. A schematic
madel for the formation
of I-type granites in
eastern Australia, based
on the analysis of Hf-0
isotopes in fircon. Silicic
melts are generated at
depth through interac-
tion between residual
liquids from basalt crys-
tallization and melts
derived from the over-
lying supracrustal as-
semblage (29). These
hybrid magmas are ex-
tracted to ascend and
pond in the shallow crust
to crystallize zircons whose
isotopic signature records
the progress of supra-
crustal incorporation at
depth. Mingling and
amalgamation of melt
batches during proto-
pluton assembly ac-
cumulate zircons with
different isotope charac-
teristics. Basaltic em-
placement is localized
at the interface between

the mafic (oceanic) substrate to the eastern Lachlan Fold Belt and the overlying turbidite pile; the

analexis

mingr assimilation

basalt sill
emplacement

+1++

interface is likely to represent a substantial rheological contrast.
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precipitated [Fom mels containing up 1o 25%
supracrustal matenal, the corresponding lizures
being around 40% Tor Jindabyne and 60746 for
Why Wormry (Fig. 3 and supporting onling wext).
The peometry of the sHi="0 arrays places
additonal constraims on the mixing or assimi-
lation process, because the curvature of these
amays is controlled by the relative HE concen-
trations of the end members. For Cobargo and
Jindabyne, the HT content of the low-8"%0
magma must have excceded that of the crustal
component, as would be the case if the latter
were a partial melt with residual zircon. Con-
versely, the concave-up trend defined by the
Why Worry suite zircons requires that the supra-
crustal ingredient had the higher Hf concentra-
tion, which is consistent with bulk assimilation.
Pantially disaggregated metasedimentary enclaves
i these plutons provide evidence lor this pro-
cess (19),

Petrogenetic models for the Lachlan IHype
granites must reconcile two key aspects of the
new data, First, the HEO sotope arrays extend
to mantle-hke valoes, mdicating that arcon
ervatallization commenced belore the imgestion
ol supracrustal matenial. However, the mitial
temperatures of the parental low-5"*0 MAZImas
wene inevitably higher than the zircon stabiliny
ficld. typically =800FC (24), and crustal incor-
poration is more elfective for hot liguid magmas
{25). We therelore infer that crusial assinlation
and zircon precipitation occumed at differem
temperatures, and thus crustal levels, for pant
of the magmatic history. Second, the diversity
of eHf and 60 values indicates that zircons of
cach granite sampled radically different melt
compositions, vet they are now juxtaposcd with-
in the same rock volume, This demands a pro-
cess in the plutonic environment that can unite
crystals with disparate petrogenetic historics.
Many volcanic rocks also comprise aggregales
ol crystals formed at different times from evolv-
g melt compositions (£0, £2, 26),

The followmge scenano 15 proposed (Fig. 4),
accommodating the view that plutons ane as-
sembled merementally (27, 281 We envisage a
dynamic dual-level process involving the in-
complete solidification of basaltic magmas in a
deep erustal hot zone (<35 1o 40 km, constrained
by the absence of a parnel signature in the
Lachlan I-ypesh with batches ol differentiated
melt being extracted o ascend, coalesce, and
erystallize in shallow magma reservoirs (29, 30).
The sotope systematics of cach mel aliquot
reflect the parental basall composition and the
degrec of supracrustal input, this commencing at
depth before zircon saturation and continuing o
higher crustal levels where zircon begins 1o
crystallize (Fig. 4). Thermal simulations pre-
dict increased crustal anatexis with hot zonge
maturation (29), promoting higher rates of
metasedimentary rock assimilation by the
crystallizing basals with time (23) and greater
blending between the basali-derived liquids
and crustal melts draining the hot zone.
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Suceessive infusions of hvbnd mel imo the
nascent pluton woukd therelfore precipitate #ir-
cons with higher 6" and lower eH1 values, as
recorded by the wircon isolope armavs, Zircons
with disparate 1solope signatures are juxtaposed
by mingling and ervstal exchange between meh
batches during pluton assembly and intrarcser-
voir erystal-liquid sorting (27, 3/} Mixing with
the recharge melt would also drive the residem
magma and its erystallizing zircon cargo toward
higher "0 and lower eHF values, explaining
the intrazircon sotope zoning. lsotopic reversals
in some zircons and basall injection in the Why
Worry plutons suggest that this cvolution was
punciuated by juvenile magma replenishments,

The refined view of granite genesis capiured
by the zircon isotope data compels a reappraisal
of the -5 type concept and s implications for
crustal evolution, In revealing the reworking of
supracrustal matenal by uvembe magmas, our
study sugpests that Fivpe magmatism eritically
mvolves continental growth, this being camou-
Maged 1w some extent by the non-mantle-hke
iolope ratios of the bulk rocks. The overall
proportion ol new material added by the Lachlan
[-type suites was near 35% tor Cobargo, 70% for
Jindabyne, and 3Pa tor Why Womy., These
eatimates imply that Phanerogoie crust genera-
tion rates may have been higher than hitherto
appreciated from studies of plutonic emanes
(6, 22y, modifying global continental growth
curves through time,
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Fracture-Controlled Paleo-Fluid Flow

in Candor Chasma,

Chris H. Okubo* and Alfred S. McEwen

Mars

Color observations from the High Resolution Imaging Science Experiment on board the Mars
Reconnaissance Orbiter reveal zones of localized fluid alteration (cementation and bleaching)
along joints within layered deposits in western Candor Chasma, Mars. This fluid alteration occurred
within the subsurface in the geologic past and has been exposed at the surface through subsequent
erosion. These findings demonstrate that fluid flow along fractures was a mechanism by which
subsurface fluids migrated through these layered deposits. Fractured layered deposits are thus
promising sites for investigating the geologic history of water on Mars.

le High Resolution Imaging Science

Experiment (HIRISE) camera (/. 2) on

board the Mars Reconnaissance Orbiter
(MRO} has returned images of the surface of
Mars that have exceptional clarity and resolu-
tion, One of the first images of Mars returned
by HIRISE in the low (250 10 315 km)
mapping orbit is of the lavered deposits within
western Candor Chasma (Fig, 1 and fig. 51),
one of the larger canyons of the Valles

Lunar and Planetary Laboratory, University of Arizona, Tucson,
AZ B5721, USA.

*To whom correspondence should be addressed. E-mail:
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Marineris system. in the western equatorial re-
gion of Mars (fig. 52} Surface features 20.26 m
(equivalent 1o one pixel) are detectable, and
the shapes of objects Z0.78 m across are
resolved (2.

The lavered deposits appear as altemating
light- and dark<4oned bands (Fig. | and fig. 51)
and may be volcanic, colian, or licustine in
origm (F-6), The dark bands appear 1o be llat-
Iying in many areas at the 10-m scale, Many of
the dark-toned bands consist of a mixture of
meter-scale boulders of lightdoned maiterial
and finer-grained dark material (figs. 83 and
54}, The paiches of fing-grained dark material
commonly have a hummocky texture that is

consistent with ripples of =2 to 5 m in wave-
length (fig. S3). Evidence of recemt eolian
activity 1s pervasive throughout the scene [sup-
porting onling material (SOM) wext], Therefore,
this fai-lying dark material is interpreted as

surlicial deposits of sedimemt composed of

colion sand, with a possible component of lag.
Dark material within the underdying bedrock
may also contnbute w0 the wne of the dark
bands.

The source of the dark-toned sediment is
unconstrained by the present study, but it may
be present within the underlying bedrock and
became mobilized through colian crosion or
persists in place as lag deposits. Dark material
may also have been transported from a distal
SOUNCE.

Local topography and high surface rough-
ness of select layers within the light-toned bed-
rock apparently contribute to the accumulation
ol the dark sediment in distinet bands { figs. 53 10
55). The dark-toned hands are commonly found
within topographic depressions in the under-
Iving bedrock. Accumulations of boulders also
act totmp dark-toned sediment within the bands
{SOM text), Thus, the dark-toned bands appear
o consist of sediment that has accumulated
within the troughs between ridges of light-1oned
bedrock,

This ridge-and-trough morphology 15 con-
sistent with differential erosion, which can be
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expected of the bedrock s mechanically lay-
cred, That is, the mechamically weaker lavers ol
rock have faster erosion rates than the stronger
lavers., Assuming a homogencous digenctic
history, line-groned lavers are stronger than
coarse-grained layers within the same sedi-
mentary deposit { 7). The coarser-grained layers
crode (aster than the finer-grained lavers,
resulting in a ridge-and-trough morphology as
suggested here. Local heterogeneitics in ce-
mentation and chemical weathering may also
influence rock strength (8- 400, Thus, the ridges
and troughs within the bedrock may reflect local
variations in ecither grmin size or diagenctic
history, or both.

Also present are scis of fractures that are
hundreds of meters to several Kilometers in
length (Figs. | and 2 and fig. 53). Shear dis-
placements of crosscul bedding and  other
discontmunes are not observed along these
fractures, Small horzontal displacements ol
more than (.52 m (two pixels) would be clearly
observed at the resolution of the HIRISE image.
Thenefore, these ractures are wdentihied as jomts
rather than fauls (SOM text).

Many joints are surrounded by a nearly
contimuous “halo™ of hght-toned bedrock that
cuts across the dark-toned bands (Fig. 2 and
figs. 53 and 54) These joimt halos are in-
terrupting the background pattern of sediment

N

Dark-toned

b

Liﬁl{l—lﬁﬁl}ﬁd_b@dﬁ
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patches, or topographic depressions, and any

lavers ol bedrock that are dork, The lack of

dark material points w0 a negligible accumu-
lation of dark sediment along these halos, as
well as a svstematic hghtenmg of any dark
layers of bedrock within these halos.

The negligible amount of dark material
along the joint halos indicates that these arcas
arc unfavorable for sediment deposition. A
lack of meter-scale topographic shading along
the bedrock within the halos reveals that these
surfaces arc smooth at the meter scale. In
contrast, the adjacent light-toned bands show
clear wpographic shading that is distinguish-
able from albedo variations through HiRISE's
color capability (Fig. 2 and figs. 53 and S4).
The surface along the joint halos is therefore
interpreted to be smoother at the meter scale
relative 1o the adjacent light- and dark-1oned
bands. A smoother ground surlace means a lack
ol small-scale wpography that can act o tap
sediment

Patterns of topographic shadimg also indi-
cate that the join halos ollen have a positive
reliel with inclined surfaces that would wend
1o impede sediment accumulation. By analo-
gy with the light-toned bands, the accumula-
tion of dark scdiment along the trace of the
Jount can be mbhibited where the halos are
nidgelike. A ndgelike morphology  Tor the

Fig. 1. High-resolution enhanced-
color image showing a landscape
of sand dunes and buttes against
a background of light-toned
(tan) and dark-toned (Blue) bands
in Candor Chasma. This is a
subscene from HiRISE image
TRA_ 000836 1740, which was
acquired on 30 September 2006
(Mars southern winter). The image
was taken at the local Mars time of
3:29 p.m., and the scene was il-
luminated from the west with a
solar incidence angle of 58,57, The
HiRISE camera collected image
data in three band passes (blue-
green, red, and near-infrared; 400
to 1000 nm) (1, 2). The image
scale is 0.26 m per pixel, which is
equivalent to the scale of the red
band-pass image. The other band
passes were acquired with two-by-
two pixel binning to 0L52 m per
pixel. The complete image is cen-
tered at =5.77 latitude, 284.6°E
longitude (planetecentric, Interna-
tional Astronomical Union 2000).

Aoy

band
y |

joint halos requires the bedrock along the
Joimts to have been strengthened agamst

erosion. Ridgelike sepments of the halos that
crosscul the dark-toned bands ol sedimem
capecially need to be strengthencd because,
presumably, these dark bands lic along
mechanically weaker {more-croded) lavers of
bedrock.

The combination of a smooth surface and
positive reliel along the joint halos accounts
for the lack of accumulated dark sediment and
indicates that the bedrock within these halos is
stronger (more indurated) than the more
readily eroded bedrock around it. Chemical
precipitation of mincrals (e.g., Fe-bearing
minerals) (/- {3} from lluids circulating with-
in pore spaces of the ek along the haloed

joims @5 a likely mechanism of wall-rock

strengthening, These minerals act o cement
the wall rock and thereby mercase the rock’™s
neststance o piting and croson.

These halos most plavsibly fomed alter
the jomts were present. Had the halos fonmed
fist as nonfractured mechamcally  strong
rdges, the joints would have preferentially
propagated within the weaker rock adjacem
to those halos, rather than through the center
of the halos as 15 observed. Preexisting joints
would alse facilitate the localization of bleach-
ing and cementation within distingt hinear halos
by acting as conduits for circulating Auids.
In the absence of fracturc-controlled Muid
flow, diagenctic alteration would be distributed
throughout the rock mass mther than being
localized in discrete zones that crosscut bedding
(e.g. [-I6)

The systematic lightening in tone of any
dark bedrock |:t_'..c|'.-; .'Iluﬂ:__t the halos j'il'lilu.\ o
geochemical bleaching of the bedrock. As
|'l]'l."'\.j{1'l|h|'_'|' mentioned, dark material inay
contribute 1o the appearance of the dark-toned
bands, especially on slopes. However, dark
bedrock 15 lacking within the joint halos.
Thus, any dark matenal ongimally  present
within the bedrock appears o0 have been
dissolved or geochermically altered within the
habos.

On Earth, the bleaching of the rock sur-
munding a fracture is a clear indication ol
chemical inleractions between the uids cir-
culating within that fracture and the host rock
(ML 12 Additionally, interactions between
the wall mock and the Muids lowing through
the fracture induce changes i the strength of
the wall rock (8-, Fracturc-supporiad low
is recognized as an imporant process that
facilitates the large-scale subsurface migration
of Muids and chemical interactions  between
these Muids and the host rock (X, 9, 13, 16),

The strengthening of the joims” wall rock,
as well as the g sochemical |'+|¢.'Il;|'|1'II'L; ol this
rock, provides strong evidence ol subsurface
Nuids having circulated through this section of
the lavered deposits. These episodes of bleach-
ing and cementation ]'n'ul'nl'rl} reflect cpisodes
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ol reducing and oxidizing Mnd Now, as s
commaonly observed on Earth (/7 7.3) and also
on Mars (f7-19) These resulis support
previous hindmgs from the Observatoire pour
la Mindralogie, 'Eau, les Glaces, ¢ 'Activité
(OMEGA) hyperspectral imager on  board
Mars Express. OMEGA observations of this
region of the layered deposits reveal the
spectral signature of hydrated sulfines, which
is viewed as evidence of past aqueous activity
(20, 21,

Not all joints in this scene have halos (fg.
55). This is probably because of a difference
in age for the haloed versus “non-haloed™
joints, Halos developed around joimis tha
were present when subsurface (luids were
circulating through the currently exposed
level of the bedrock. Once the bulk of the
subsurface Muids drained from this area, any
new Joints that formed would not have
supporied adegquate Twid Now for a suthicient
amount of time 1o allow for the strengthemng
and bleaching of the wall rock 1o occur; thus,

no halo s present. Therelore, the presence of

halos may be a proxy [or relative fracture age,
with the haloed fractures being the oldest and
the non-haloed fractures being the voungest
and having formed after the subsurface Nuids
draimed from this level of the bedrock.

The presence of non-halecd joints  that
apparcntly postdate the haloed joints indi-
cates that halo formation, and thus circulation
of subsurface Nuids within these joints, was
not a geologically recent event. Further, had
the haloed joints supported geologically
recent near-surface fMuid Pow, fluvial ero-
siomal and depositional structures would be

apparent (22, 22 Such morphologic evi-
dence for recent subacrial Muid Mow (e.ge.,
cullies and spring mounds) 15 not observed,
Thus, the present-day exposures of the haloed

Joants amitally formed within the subsurface

as [uids circulated through the layered de-
posits. These fuids subsequently  drained
away, and the haloed joints were exposed at
the surface through crosion. Therefore, evi-
dence of geochemical processes that once
occurred within the subsurface is currently
cxposed at the surface in the form of these
halocd joinis.

A current focus of Mars surface explora-
tion is the investigation of arcas that show
cvidence of past hydrologic activity, with the
intent of characterizing the past habitability of
these arcas and their potential 1o support life.
Much attention has been pand 1w classic volmile-
related wemrmns such as dry nver- and lakebeds
and paleo-spangs. This study demonstrates that
exhumed joims and faols are also promising
arcas i which o mvesngate past hydmologic
actvity, In addition 1o Fig. 1. haloed joants are
observed o other HIRISE images of equatorial
lavered deposits in Valles Manneris and clse-
where, Further analvses of these raciures may
vield addinonal insight mto the geochemistny
that dnves the bleaching and cementation of
the wall rock,

Detailed surface observations of fracture-
controlled Muid low may be possible with
the Mars Explomtion Rover Opportunily. A
separate HiRISE image of Victoria Crater in
Meridiani Planum reveals a set of subparallel
lincar ridges along the crater’s castern rim
and floor (fig. S6). These ridges are sirati-

5 L

Fig. 2. (A to C) Examples of joints and surreunding halos of light-toned bedrock. The joints are the
thin dark lineations. The scale bar and north arrow apply to each panel.
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graphically located within the regional lay-
ered sedimentary bedrock, The lincarity, commaon
orentation, and positive reliel of these features
sugeest that these are fractures that are sur-
ronmded by bedmock that has been chemically
cemented or otherwise indurated, similar 1o the
joints deseribed here in Candor Chasma Oppor-
tunity is currently at Victoria Crater, and detailed
studies of these ridpes may provide additional
insight into the mechanics and chemistry of
paleo-Muid fow through the regional sedimentary
bedmock.
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Starch Fossils and the Domestication
and Dispersal of Chili Peppers
(Capsicum spp. L.) in the Americas

Linda Perry, Ruth Dickau,? Sonia Zarrillo,? Irene Holst,? Deborah M. Pearsall,®
Dolores R. Piperno,™* Mary Jane Berman,® Richard G. Cooke,? Kurt Rademaker,®
Anthony ). Ranere,” ]. Scott Raymond,” Daniel H. Sandweiss,®® Franz Scaramelli,”

986

Kay Tarble,'® James A. Zeidler!!

Chili peppers (Capsicum spp.) are widely cultivated food plants that arose in the Americas and are
now incorporated into cuisines worldwide. Here, we report a genus-specific starch morphotype that
provides a means to identify chili peppers from archaeological contexts and trace both their
domestication and dispersal. These starch microfossils have been found at seven sites dating
from 6000 years before present to European contact and ranging from the Bahamas to southern
Peru. The starch grain assemblages demonstrate that maize and chilies occurred together as an
ancient and widespread Meotropical plant food complex that predates pottery in some regions.

hili peppers, members of the genus Cup-
‘ stewm, have been culivated exiensively.

mitelly n the Amencas and, afier Co-
lumbaus, around the globe (1, 2% The lack of a
comprehensive archacobotamical record has
hamperned accure reconstructions of the orgins,
domestications, and dispersals of these plants,
Macroremanns of the fruits are confined 10 mre
sites i and environments, and reports of seeds and
pollen are even less common { Table 1) We found
that a widespread, but previously umidentified
archacological starch momphotype is derivad from
chili pepper fruits and is commonly preserved on
artifacts. We documentcd this microfossil from
seven archacological sites ranging from the
Balwumas archipelago to Andean South America
(Fig. 1) beginning 6(6K) vears ago (Table 2.

The five most cconomically notable spe-
cies of chili pepper are O ammeen, O Baceeinni,
C. ofinense, C. fiescens, and C. pubescens. Al-
though it is gencrally agreed that the genus
Copicun originated in Bolivia (2), the centers
of domestication and dispersal patterns ol these
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Office Box 37012, Washingten, DC 20013-7012, USA
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species remam speculative. A combination of ar-
chacological evidence. genctic analvses, and
modem plant dismbutions have led researchers
1o supeest that C anmem was mitially domes-
ticated in Mexico or norhem Central America, C
frutescens i the Canbbean, C baceatin in low-
land Bolvia, O chimense in northem lowland
Amazoaa, and C. prebescens in the mid-clevation
sodthem Andes (2, 3).

All five species of domesticated ehili peppers
produce large, flattened lenticular starch grans
with a shallow central depression, not unlike a red
blood cell in appearance (Fig. 2, A w C). When
rotated into side view, a central linear figure—a
clean line or split fgure with shap adges— runs
paralle] to the long axis of the grain. This figure
can extend for the emire length of the grain or just
a part of it (Fig. 2, E and F). Ranging from about
13 1043 pm in length, the starches of domesticatcd
peppers are casily distinguishable from snaller
wild types in the microfossil record (Fig. 20 and
table 51 Alhough the basic three-dimensional

morphology is consistent among all species of

Capsicam, micromomhological characters differ
betwe species.

Three of the species— O baceatum, C.
frutescens, and O pubescens—can be identilied
on the basis of diagnostic morphotypes that have
unigue featunes of the central depression. How-
ever, these [eatures are rare even in modemn starch
grain assemblages. Otherwise, the morphologics

of starch grain asemblages from O ammen and
. fratemeens ane so similar that, m the absence ol a
dingnostic, 1105 not possible o assiEn wraims 0o
single specics, The morphology of starch Trom ©
cfrimense 15 s lar 1o but not dentical w that of C
amtnnent or . frweseens, and the morphologics of
all three starches differ significantly from those of
C baceamm and C. pubescens which, in turn,
differ from one another Because similar types
occur in all congencric specics of Capsicum, cither
a diagnostic or a large archacobotanical assome-
blage is required for a secure specics identification.

The presence of a basic genus-diagnostic
starch momphotype Tor Capsicwm is predictable
bocause of the lack of perfeat barriers to intmspe-
cific hybridization (). O ammeum, O chinense,
and CC fraescens have been described as a spocies
complex with a single ancestral gene pool ().
Therefore, it is not surprising that the starches of
these three species are momphologically smular
o one another, In commast, O baceatm and C
prebescens are distingt domesticated  species in
South America (4). Starches denved from other
ceononucally sigmilicant specics i the Solanaceac
including Lvedanthes, the genus that recent phivio-
senetic sudics mdicate 15 the most closely related
to Cerprsiicnem (30, differ from those of chili peppers
(table 51 and fig. S1) (6) Thus, we have clini-
mated those plant species with the potential 10
confuse the source of the microlossils,

We recovered securely identified genus-
diagnostic Capsicim starch microfossils from
seven sites throughout the Amercas. The oldest
positively identified starches were found ot the
contemporancous sites of Loma Alta and Real
Al in southwestem Ecuador. [nterpreted as a
village-sized, pormancm scttlement, Loma Ala
was occupied for more than a millenniom be-
ginning about 6100 vears betore present (yr B.)
(7). We recovered chili pepper starches from
sediment samples, milling stones, and food
residues from ceramic sherds ol cooking vessels,
all of which were excavated Trom the lower
levels of the site.

Similar w0 Loma Al Real Al was a village
site at about 6100 yr B.P: however, by about 4750
vi B, it had expanded into a egional ntual-
ceremonial center (8, 9% The chili starches were
extmcted from milling stones rom two howse
floors dating to the period of expansion. Micro-
fossil evidence ol matze, Canna adielis (achira),
Maranta arindingeca (amowroot), Calatea sp.

Table 1. Published reports of archaeological Capsicum from well-dated sites with clearly defined

stratigraphy.

Species Plant part Region Site(s) Dateis) (yr B.P.} Source
€. annuum Fruits Mexico Tehuacan Valley 500-6000 24)
C. annuum  Seeds and peduncles El Salvador Ceren 1400 (25)
C. baccatum Fruits Peru  Huaca Prieta, Punta Grande 4000 126)
L. chinense Fruits Peru Huaca Prieta, Punta Grande 4000 (26)
C. chinense Fruits Peru Casma Valley Ca. 2500-3500 (3)
Capsicum sp. Seeds Haiti En Bas Saline &00 (27
Capsicum sp. Follen Venezuela La Tigra 450-1000 25
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{leren), manioc, cucurbits (squash), Camavalion sp.
{jack bean), and the Arccaceae family (palms) has
also been recovered from Real Al (F0-12) A
commbanation of evidence, including plam remams
and sne prosamaty 0 scasonally fooded  botom-
land, indicates that agriculiure was imporntant in the
ceonomics of both Ecuadoran sites. Ecuador is not
comsiderad 1o be the center of domestication for amy
of the five major cconomie spocics ol chili peppers.
Therefore, the presence of domesticated chilics with-
in this carly, complex, agriculural system indicates
that these plams must have been domesticated
clsewhene carlier than G000 v B and brouglt into
the region froan cither the nonth or the south,

In centml Panama, the Aguadulee Rock Shel-
ter was occupicd from about 13,000 w0 3200 yr
B.P during both the Precoramic and Early Ce-
ramic periods (£3) The site has yielded evidence
for the cultivation of other plants notl native 1o
southern Central Amenca, mcluding matae, man-
10, andd sguashes datmg from about SO0 o 3800
v B We adennficd chili pepper starch on a
groundstone ool recovered  from the wop of the
procermie deposits; the ool and thes is associted
starch residues have a strtigraphie date of about
600 vr B.P, This anifact also vielded starch grains
from macee and domesticated vam (/3),

The occupation of the coastal shell-madden sie
of Zapotal comendes with the Early Cerame
period of this region of Panama, beginning abow
4800 yr BP (/4. We recovered starches of chilies
from groundstone tools, indicating that the
peppers wiere processed and consumed alongside
a number of other domesticates at the site, in-
cluding maize, manioc, and vams (/5). By this
time, swidden cultivation of several domesticated
specics, including maize and manioc, was well
established in the region, and farmers had sig-
nificantly deforested the foothills near both
Panamanian sites (/6). Thus, the Panamanian
record documents the use of domesticated chilies
as componems of the dict of swidden agricullurists
in both Proceramic and Cemmic cm groups.

Farther south at 3600 m m the Peruvian Andes
lies the site of Waynuna, a Late Preceramic
house oceupied begimming about 4000 yr B.E A

Fig. 1. Archaeological sites mentioned in the
text. Red sites vielded starch grains of chili
pepper. Blue sites yielded all other classes of
remains of chili pepper.
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Wavnma, we found chili starches on processing
100ls in association with matae, amowrool, and the
remmains of what is likely Sodasm sp, (potao) (7 7
These data mdicate that the residents of Waynuna
were cultivating maiae, ubers, and peppers amnd
were processing them into food on site, Wayvnuna
vielded the only starch assemblage that contained a
specics-diagnostic mormphotype. These chili pepper
starches appearcd 1o be derived from C prefescons,
the specics that includes varietics such @ the rocoto
pepper, a chili that is cultivated at mid-altitude in
the Andes (23 When combined with macrotossil
evidence (Table 1), the starch data indicate that the
cultivation of three domesticated specics of chili
pepper wis contemporancous on the coast and in
the highlands of Peru as cardy as 4000 yr B.I in the
Late Preceramic period. The presence of numerous
other culivars within the assemblages of each
region mdicates that sophisticated agniculiure was

REPORTS I

practiced in both regions before the imoduction of
oy,

We also found starches of chili peppers at the
Three Dog site located on San Salvador [sland in
the Bahamas, This site was oocupicd by a group ol
fisher-hoaticulwrists about 10K yr BPE Rep-
resenting the material remains of at least one
houschold, the site consists of a midden, two ac-
tivity arcas. and a low-density (well-swept) arca.
Fifty-cight chent microliths, all typical of the mor-
phology commonly described as manioc grater
flakes (f8-2X1). have been mecovered, as were
ceramic griddle sherds. The microliths vielded the
starchy remains of both maize and unidemifiod
roots or lubers, We recovered chili starches from
two flakes that also contained starches of maize,

Lastly, we recovered microfossil evidence For
chili pepper at Los Mangos del Parguaea in
Veneeucla, a large habitation site ocoupicd about

Table 2. Summary of Neotropical archaeological starches of Capsicum. F, flaked tool; G,
groundstone tool; C, ceramic sherd; 5, sediment sample.

Sample # Size (um) Source Date in yr B.P. (Ref.}
Los Mangos, Venezuela (Arauquinoid, Valloid}
Lev 1, 1 1 15 G ~500-1000 (21)
Lev 2, 1 1 17 F ~500-1000 (21)
Lev 3, 1 1 15 F ~-500-1000 (21)
Lev 3, 2 1 22 F ~500-1000 21)
Lev §, 2 2 19, 20 F ~500-1000 (21)
Lev 7, 1 2 20, 20 F =500=1000 (21)
Three Dog, Bahomas ([Lucayan)

Z87-89 1 19 F 969-1265 Cal* (29)
Z1032-1035 1 21 F 969-1265 Cal* (29)
Waynuna, Peru (Preceramic)

Tool 10 2 18.24 F 3564-3837 Calf 17)
Tool 11 b 14-34 G 3564-3837 Calf 17)
Tool 29 2 24.25 G 35643837 Calf (17)
Tool 30 ] 19-28 G 3564-3837 Calf 17
Cat 36 1 18 5 3689-=3969 Calt (17)
Zapotal, Panama (Early Ceramic)

C2NEF4 4 20-28 G 35604850 Calt (14)
CTN2 1 25 G 3560—-4850 Calf (14)
C32NT 1 325 G 3560—-4850 Calf (14)
Real Alto, Ecuadar (Valdivia 3)

Structure 1 1 20 G 4400-4800 Calt (9)
Structure 1 3 24-26 G 4400-4800 Calt (9
Structure 10 3 1824 G 4400-4800 Calt (9
Structure 10 1 24 G 44004800 Calf (9
Aguadulce, Panama (Late Preceramic)

350 3 24-28 G S600 Cal (300

Loma Alta, Ecuador (Early Formative)

55275 5 22-26 G 5050-6250 Calt (9
552752 [ l6=24 G 5050-6250 Calt (%)
55292 2 19, 20 G 4550-6050 Calt (9)
Sample 13 2 24, 28 C 4830-5280 Calt (9
Sample 7 1 27 C 4080-4410 Calt (9
Level 12 2 24, 28 5 4990-5310 Calt (9
Sample 11 1 18 C 4250-4860 Calt (%)
Sample 10 1 22 C 4990-5310 Calf (9
Level 14 2 24, 24 5 4990-5310 Calt (9
Sample 9 1 28 C 4990-5310 Calf (9)

*Standard and AMS radiocarbon dates from associated charcoal, 20 calibested result.

associated charcoal, 20 calibrated result.
2o calibrated results.

tstandard radiocarbon date from

tStandard radiocarbon dates from assodated shell, adjusted for 1207 3C ratio,
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Fig. 2. Modern and ar-
chaeological starch gran-
ules from Copsicum. (R
Starch granule from the
fruit of modemn Capsicum
baccatum var, pendufurm
(aji mirasol) showing typ-
ical morphology. MNote
the rounded lenticular
form and large, flat, cen-
tral depression. (B) Ar-
chaeological Capsicum
starch granule from Loma
AMlta. (0} Archaeological
starch granule of Capsi-
cum from Real Alto. (D)
Starch granule from a
modern specimen of Cap-

sicum annuum var. minimum. This starch granule is typical of those from wild peppers. (E} Side view
of a modern starch granule from Capsicum baccatum. Note the linear figure. (F) Side view of an
archaeological starch granule of Capsicum from Zapotal.

3000 1000 yvr BE (21, Several barge, deep stong
metates wene scaticned over the surface of the sie,
Excavation ol a nudden deposat yvaelded cermie
eriddle shends and microlithic Nakes that ane ofien
associaied with manioc processing (220, As at the
Three Dog site, the remans of manioc ang con-
spicuously absent Trom an excavation that vickded
artifacts usually associted with manoe process-
mg (220, The same processing tools that contained
starches of ehili pepper also comamed remains of
matze. Root crops, including amowroot, Myrosma
sp. (guapo), and a member of the Zingiberaceae
family (ginger) also lefi their starchy remains.
When combined with the daa from the Three
Dog site, the chili pepper microfossils from
Los Mangos del Parguaea support the notion
that a sophisticated mixed subsistenee cconomy
of both root and seed crops occurmed at these sites
that were initially categorized as being occupiced
by manioc homiculturists (23).

Neither microfossils tvpical of wild specics nor
transitional forms of Caprsfom were recovenad from
any site. The presence of domesticated plants used
as condiments rmather than as staple foods durmg the
Proveranue penod indicates that sopinsticated agn-
culture and complex cuisings anse cirly throughout
the Amenicas and that the exploatation of mukae, oot
crops, and chili peppers spread betore te intmodue-
tion of pottery. Evidence from both macrobotanical
and microbotanical remams ndicates that once chil
peppers became incomporated into the dict, they
persisted. Apan from the chili peppers, maize is
prsent at every site we sampled. Matee and chilies
oceur ogether from the onset of this recond until
European contact and. thus, represent an aneicent
Neotropical plant bod complex,
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Multipotent Drosophila Intestinal Stem
Cells Specify Daughter Cell Fates
by Differential Notch Signaling

Benjamin Chlistein and Allan Spradling®

The adult Drosephila midgut contains multipotent intestinal stem cells {ISCs) scattered along its
basement membrane that have been shown by lineage analysis to generate both enterocytes
and enteroendocrine cells. 15Cs containing high levels of cytoplasmic Delta-rich vesicles activate
the canonical Notch pathway and down-regulate Delta within their daughters, a process that
programs these daughters to become enterocytes, 15Cs that express little vesiculate Delta, or are
genetically impaired in Notch signaling, specify their daughters to become enteroendocrine cells.
Thus, 15Cs control daughter cell fate by modulating Notch signaling over time, Our studies suggest
that 15Cs actively coordinate cell production with local tissue requirements by this mechanism,

specific anmomical positions known as
niches, whise microcnvironment represses
premature dilferentiation and controls prolifera-

S tem cells in adult tissues frequently reside in

tion (f, 2. Several different signal transduction
pathways—mncluding BMP {bone morphogenctic
prodein), JAK/STAT (Janus kKinase'signal trans-
ducer and activator of mnscription), Wat, and
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such as those at the apex of the Dvoseyarila

function i well-charactenized niches
ovanole (3-3) and tesus (6, 7). in the Caeneo-
rinebalitis elegans gonad (8). or within verchmte
bone marmow 9, 100 Most of these stem eells are
known o passively receive signals from sur-
rounding stromal cells that mhibit differentianon,
and 1o generate a single type of daughier ccll
(which Iy specialiae futher after subsequent
divisions). Recently, intestinal stem cells (15Cs)
that require Notch signaling for normal function
were described in the fyosaplifa adult postenior
midgut (Fig. 1A} (4, 12} In contmst o pre-
viously studicd Drosepliila stem cells, 18Cs

gencrate two different ecll ypes, enterocyics
(ECs) and enteroendocrine (ee) cells, without
imtervening divisions and are not associated with
specilic anatomical sites containing  candidate
stromal parners (41

o mvestigate the molecular regulation of 150
multpotency, we stuned midguts with antibodies
specific for the Notch higand Delia, Under steady-
state mutntional conditions (£23), 15Cs are found
prumanly withm small clusters of two or thee
diplod cells Ceell nests™; Fie | B dispersed among
the monoliyer of polyploid ECs lining the put,

Howard Hughes Medical Institute, Department of Embryol-
ogy, Carnegbe Institution of Washington, 3520 San Martin
Drive, Baltimore, M0 21218, USA.

*To whom correspondence should be addressed. E-mail:
spradliing@cmwemb.edu

Each cell nest contins a single cell (or very rmely
twer cl1s) that expresses Dl (Fre, 18), although
the Delta kevels in the positive cell vany (comparne
Fig. 1, C and D). Labeling s promanent i farge
pundlate structunes resembling endoecytic vesicles
(Fiz. 1, C and D) similar 1 those observed in other
cells with active Delta-MNoich signaling { f4, {5)
The cell expressing Dielta was shown to be the
1SC by generating marked stem eell clones. Atthe
desired time, flies of the appropriate genolype
were heat=shocked o mitime a recombination,
mediated by the engyme FLP, that activates her-
itable lac expression in rare, random dividing
cells (15 On the basis of previous studices (17,
I5Cs can be identfied in such clones as the ini-
tial LacZ-positive cell, and the 1SC nucleus 1s
known to be located closest to the bascment
membrane. Ciuts were isolmed at vanous times
LacZ and
Deha, and analvecd as three-dimensional (30)

alier clone mduction, stamed  for
optical stacks (Fig, 1EL We observed that the
ISC was always Dela-positive, whereas pro-
spective ECs or ee cells lacked Dela, Thus, in
the adult madgut, Delta expression serves as a
highly specilic stem cell marker.

All cells within the nests express Notch (41)
(Fig. IF). Consequently, © detenmine which gt
colls actually meccive Nolch sipnals, we wied a
transgene contmming andem binding sites for the
transcnpiion factors Gramyhead and Suppresor of
Hairless |SufH)] that acts as a sensitive reporter for
Motch activation (/6). When outs from adults

Fig. 1. 15Cs usually divide asym-
metrically with respect to Delta A
expression and Notch pathway
activation. (A} Lineage analysis
(11} shows that individual 15Cs give
rise to daughters (EE) that become
enterocytes (EC) and less frequent-
ly entercendocrine cells (ee). (B)
Midgut cells express Delta (red) at
high levels [arrow, also (C)] or low
levels [arrowhead, also (D)) within
one cell of each diploid cell nest.
Here and in images in later figures,
DNA is shown in blue. (E) 3D re-
construction of a d-day 15C clone
igreen} showing that the Delta-
expressing cell (red) is basal, the
known location of I5C (arrow).
Dashed arrow indicates order of
clone growth. (F) Motch (red) is
expressed widely, except in mature
ECs or ee cells. (G} Notch reception
(green) is up-regulated in EBs but
not in Delta-positive 15Cs (arrow).
(G") Motch reception reparter
channel (white} alone. (H and H)
A rare nest with two Delta-positive
cells; colors as in (G). (1) Model: A
Delta-rich 15C activates Notch
signaling larrow) in ats daughter
EB. Scale bar in (B), 20 um.
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beanng s reporter wene counterstaned for Diclta,
wi obaerved than the Nolch reponter was highly
expressd m e daoghter coll [the enterohlast (EB)|
of 150 with hugh Dela levels (Fig, 100 but was
background levels mthe 1SC wsell (Fies 1G7) In
rare ccll nests with two Delta-positive cells, nathe
one strongly expressed the Notch reporter (Fig. 1, H
and H'). The strong inverse relationship between
Deha levels and Notch activation .aL::_';..'.ﬂ-.'-J tht
19Cs signal via Dela o activate Notch in their
daughters (Fig. 11)

We generated MARCM (mosaie analysis with
a repressible coll marker) clones (/9) of several
differem Nowch pathway gencs 10 test this hypoth-
csis. The green fluorescent protein (GFP) marker
pene and mutant pene produced in such expen-
menls segregte initially imo just the 1SC or just its
daughter, vielding two possible outcomes (Fig.
2A). 15C clones of the null allele DI (17)
produced the results expected 1l Delaos an essential
hgand of mtestmal Motch signaling, Many el
2B)
mdistinguishable from those generated previously
by Tows of Needr function (4F), or into one EC and a
tumor { Fig, 200, boecause of transient perdurance of
Dl prodein. Perdurance probably also explains
why, like N° wmors (/7). the IF 7 wmors are
frequently mosae for ce-hke cclls expressing
Prospero and for [SC-like cells that lack Prospero
(Fig. 2BY. In many other £4  clomes the marked ccll
differemiated as a single EC (Fig. 2D, presumahly

mutant  clones grew o wmors  (Fig

becise u|||.t the EB was mustated and it could siill

| N signal

™

Receivimg
I high 0 B
N inactive N active
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receive a Motch signal from the adjacent wild-type
ISC (Faz. 240, This imglics that Dt s not needed
outside the 15C for EC differentiation, consistent
with the rapad downerezulation of Dela proacin
levels in 150 davshier cells. Incomtrmst, clones -
tant for a null allele of Serre (Ser™), encoding
the other nmjor Notch ligand, showed wild-type
development (Fig, 2E). These experiments show
that & Dela signad from the [SC s functionally
wehter cells to exit the miotic cell
cycle and differentiate into ECs,

required for ds

Other Notch pathway gencs were ramoved in
MARCM clones within [SCs to further analyze
1SC siomaling,
ubiquitin ligase that is required in the signaling cell

Merroefized (nen) encodes an E3

for Didia cllxl-.n_'-lu.\i.-‘ and aciivation (/5), 150
clones of et yL'JlLT.itL\1 WO Mosaic o8 |"|'u.~|\..'|u
cxpression (Fig 2F, amow) or else single ECs (Fig,
2F, amowhead), the expected resull for o pene
requmed o the 15C (Fiee 240 Momeover, Delia
provem i such s wis predomimantly adjacent
to the plasma membmane (Fig. 20, consastent with
thie knowen requiremient for srear in Delta endocy osis
(18, 19, Clonally removing Swiff), the CSL trns-
ducer of the canomical Nowch signaling pathwiay
(15 also pemermed wmors mosaie Tor Prospero
(Fig. 2H ) Unhke clones of the signaling el genes,
about hallof which produce sinele ECs, Siififi 15(

clones, ke Neweht™ I5C clones (1), penerted only
tumors, indicating that these genes are required m
the EB (Fiz. 20). Tumor cells lacking Prospero
conlained |:J:-_'t'l levek of Delia (Fig 2. ] and K,

Fig. 2. Asymmetric Delta

signaling from ISC to EB is

functmn_al.lgr :equm{d I_cn EC | ﬁﬁ ER o
production and mitotic cell L\m ), T Fig. 3B.C
gycle exit. (A} Expected out- DI s ~— (Fig, 2F.G)
comes of ISC clones (green) .

; {neu) ~h

lacking DI {or neu); Notch g /15C FER Singhe
signal (N) is shown by an arrow. clones| ( - ) | i /I-i- Eq
Four=day 15C clones (green) of e, S = Fig. 2D
DIre*? generate (B) a tumor (Fig. 2F)

mosaic for Prospero (red), (C) a
tumor plus a single EC, or (D}
single ECs. (E) Four-day clone
{green) of the Serrate™ ™ null
allele showing normal I5C
(arrowhead) and EC produc-
tion tarrows). Armadillo (red)
highlights cell boundaries. (F)
Seven=day 15C clones (green) of
neu’® form tumors farrow)
mosaic for Prospero expression
{red, nuclear), or single mature
BCs (amowhead). Delta (red, cyto-
plasmic). (G) The red channel
from (F); cells lacking Prospero
contain plasma-membrane Del-
ta. Cells expressing Prospero
lack Delta. (H) Twelve-day I15C
clone (green) of the SufH)™ I

SuiH)
(M)

N
| (156 /(EB
Aol
N
LA

s . o -
clones | FMee™y

e/

wihich suppons the whea that they ane stem cell-like.
Prospero-expressing tumor cells commned very
little Deha (Fig. 2, G and L), Thus, [SCs signal
their pre-EC daughters via the canomical Notch
pathway

The striking asymmetry in Delta contemt
between 15Cs and their pre-EC daughters might
arise by asvmmetric Della segregation. Conse-
quently, we identified mitotic [5Cs @ various
stages by staining with Anillin, and analyzed the
distribution of Dela between the davghter cells.
Similar amounts of Delta vesicles were observed
in both the newly forming 1SC and the EB. even
in telophase ( Fig, 3A). However, in cell pairs that
had just completed mitosis, as evidenced h_\ the
reuptake of Anillin by doughier cell nuclei, Delia-
rich vesicles clustercd in the [SC near the former
cleavage furrow, whereas they were distant from
the furmow and weaker in the EB (Fig, 38). These
expenments show that Delta asymmatny docs not
arise simply by differential segregation of Dela
protein; rather, Delta appears to be rmpadly down-
regulated m the EB afier miosis

To wvestigate the mechamsm of 1SC mwl-
tipotency, we it considened a role for mitotic
spindle onentation. Mitotic  chromosomes were
stained with phosphohistone H3 and centrosomes
with y=tubulin (Fig. 3, C and D) and cells wene
analveed n 30 eoonstructions o detemmuine the
angle (@) between the spindle and the basement
membrane. These experiments revealed that 15Cs

divide nonrandomly, with values of & ranging

tarmass
Fig. 2H
iFig. 2J-L)|

oy Lurmcer
’ff_"-H\‘.-i Fig. 2H
l‘lli_.!"r (Fig. 21-L)

null allele forms a tumor mo-

saic for Prospero (nuclear, red). (I} Expected outcomes of 15C clones (green)
lacking SuiH! {or ). Impaired Notch signal reception in EB is denoted by a

4% N = 500
Lising evtoplasmic nuarkers, we lound that the [5C

between 37 and 47° (imean = 29

(Fie 3E. ey tvpically contaims a much greaten
surdace arca ol comact with the bascment mam-
brame than does its daughter (Fig. 3, E and F,
green), presumably as a result of this divisional
oricatation. Division away from the bascment
membrane also explaing why the nucleus of the
[SC was previously observed to lic more basally
than other cell nuclei (/). No comelation between
spindle orentation and  davehter cell fate was
discovened, however.

We next considerod whether Notch  siznal
reception might differ in EBs fited 1o become ECs
and those fited o become ee cells. We generated
marked I5C clones of two o four cells and stamed
them for Prospero ad Delia (Fig, 40 The 1SC in
these clones could be determined by its basal
locaton; hence, the e of s st one o thee
claghters (m o= o four-cell clones, respectively)
could be deduced on the basis of Prospero
expression, [SCs that had just produced a poe-EC
imvarbly expressed Delta i eytoplasmic vesicles,
wsually at high kevels (Fig 4A, N
contrst, 190 that had just produced an s procursor
contamed Few or no evtoplasmie Dol vesicles (Fig
4, B o D, NV =200 This was tue for ISCs that had
just switchod rom EC o ce producton (Fie. 4B8) as
well as those that had just compkeied a second
consceutive oo (Fig, 4, C and 1), Consocutive pro-
ductien of exactly two ee daughiers appears o be the

100L In stnking

rule, a5 we observad o counterexamples i these

SulH)

red) expresses Delta (cytoplasmic, red) like 15Cs. (K) Delta (red) and DNA
(blue} from (]). (L) Motch™ clone (green) expressing Prospera (nuclear, red)

blocked arrow. (J) Notch™ clone {green) not expressing Prospero (nuclear,

990

lacks Delta (cytoplasmic, red).
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experiments. However, [SCs that had mecently com- These resulls sugeest o sumple model for the  strong Notch signal and become ECa. Davghters of
pletad an oo par and had just retumed © BC pro- determmation ol 15C davgbter cell Gee, Daugluers  15Cs with few or no detectable evtoplasmie Delta

duction contamad multiple Delta vesicles (Fie. 4EL of 1SCs with high Dela levels would receive a sesicles would receive a much weaker MNotch signal

Fig. 3. Delta vesicles are distributed
asymmetncally shortly after mitosis. (A)
Equal distribution of Delta vesicles (red)
during I15C anaphase. Cytokinesis fur-
row is shown by Anillin stain (green).
(B) Down-regulation of Delta (red) in
the newly formed EBE and transient
asymmetric positioning of vesicles with-
in the I5C (arrow); Anillin (green)
shows nuclei. {C and D) Mitotic 15Cs
in 30 reconstruction. Phosphohistone
H3 (green) and y-tubulin (red) stain-
ing define the division angle ()
relative to the basement membrane
(blue and red axes). The I5C in (D} was
also stained for c-tubulin (red), (E and
F} An ISC-EB pair stained for Delta
(red) and Motch activation reporter
(green) reveals that 15Cs have greater
contact (dashed line) with the base-
ment membrane (bm),

and become o cells, 1T Notch signaling were
chsrupted entirely, as m Notch pathway null ot
clones afler one or two divisions, only [SC-like
daughters would be produced. Neither oo precur-
sors nor [SC-like cclk would cense division when
Notch sionaling is impaired. We testod this model
by expressing an activated MNotch receptor (M%) in
MARCM 1SC clones (Fig. 4F). N-expressing
cells, which should contain a high level of Notch
siomaling, all became ECs (Fig. 4F) In addition,
none of these chones grew above two eclls in siee,
which shows that Notch activation within the [SC is
sullicient to force its differentiation as an EC.

Ihese experiments prowide insight into several
long-standing issues in stem cell biology. First,
they illustrate that highly specilic stem cell
markers can be obtamed, at least for a pamicular
stemn cell under panicular condiions, Verebrate
15Cs cannot currently be identificd with certainty
[reviewed i (20h], but Moich signaling s similarly
involved m seerctory cell verus EC production
Consequently, it might be possible o wdentily
veriebrate 15Cs as a subpopulation of cells
cnnched i Notch ligands within regions of the
viertchrate @ul that are known 1o contain 15Cs
Second, our results suzeest howw stem cell activity
may be coordinated with tissue requirements (g
SIA). Local foedback signals from cexisting ec
cells and other cells may influcnce an [SC's Notch
signaling capacity and henee the type of cell
produced in that (issue region.

Drosopdile neuroblasts and sensory ongan
precursors are programmed by the asymimetnc
segregation of molecules thar bias the subsoquen
ransmission of Moich signals [reviewed in (2/)].
Dilferential Notch signaling requires the asym-
metric endocytic wmaflicking of Delia and Notch
alter precursor cell division [reviewed in (/5))
Recveling endosomes, an cssential component of
Motch sienaling, localize (o pencentmomenc neeions
and have boen reported o seeregate differentially m
Dvewopdila sensory onzan precursor divisions (22)

Our sidies sugpest that endocytic imflicking of

Delta may also be mwvolved n 1SC unciion, We
observied that Delta-rich vesiches acocumulate non-
randomly in the [5C shorly alfer mitosis near the
division planc. Such a process might result from
the inheritance of an endocytic subcompartment
by the ISC but not its doughter, leading o dif-
ferences in Delia stability between the two cells.

Finally, our experiments suggeest that Oveseps
fler 1SCs play a role different from that of stem cells
m previously characterised niches. In the ovanan
gemling steme cell (GSCy niche (F) the GSC
adlheres o adjpoent stromal cells at an anatoomically

Fig. 4. (A 1o E} Delta expression levels in 15Cs determine EC versus ee fate. Examples of two- to
four-cell ISC clones (green) stained for Prospero (nuclear, red) and Delta (cytoplasmic, red) are fixed location and responds e bocal signals tha
shown. Arrowheads denote 1SCs; arrows denote prospective ECs. (A) ISCs producing a prospective  block diflerentiation (fig. S1B). GSC daughiers
EC (Prospero absent) always express Delta. (B) ISCs that have just switched to ee cell (Prospero  dillerentiate because they are forced outside this
present) production express little or no Delta. (C and D) I15Cs producing a second consecutive ee  @one ol mhibition. In contret, the 1SC plays
cell express little or no Delta. Inset: Clonal marker for (C). (E) I15Cs that have just switched from ee  active role in sigmling via Notch o induce cither
to EC production express Delta. (F) I15C clones (green) expressing ™' generate ane or two ECs,  EC or ce differentiation. It remains 0 be de-

indicating that such 1SCs are not maintained. Scale bar, 20 um. termined whether extemal signals are also impor-
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tant in maimtainmg 1505 m 2 manner analogous (o
GSCs. Inany case, stem cells such as 15Cs, which
sense bocl cellular requirements and  produce
appropniane daughier cells m o response, likely play
a central mle i the phavsiokozy, Tongeevty, and
pathology of the tissucs they maintain.
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Polymerizing Actin Fibers Position
Integrins Primed to Probe for

Adhesion Sites

Catherine G. Galbraith,® Kenneth M. Yamada,'* James A. Galbraith®

Migrating cells extend protrusions, probing the surrounding matrix in search of permissive sites to
form adhesions. We found that actin fibers polymerizing along the leading edge directed local
protrusions and drove synchronous sideways movement of [y integrin adhesion receptors. These
movements lead to the clustering and positioning of conformationally activated, but unligated,
[1 integrins along the leading edge of fibroblast lamellae and growth cone filopodia, Thus, rapid
actin-based movement of primed integrins along the leading edge suggests a “sticky fingers"”
mechanism to probe for new adhesion sites and to direct migration.

he first steps of mammalian cell mi-

gration are extension of the leading edge

and attacliment 1o the surounding extra-
cellular matrix ( £). Extension is driven by actin
polymerization (), with the position (), speed,
and persistence (4) of the leading edge regulated
|.‘.I_\ :u.‘lil!-hilufing |'l'fllll."i.l'lh. However, exiension is
not uniform; adjacent regions. of many broad,
lat protmasions such as fibroblast lamellae and
III...‘I.IrUI:I.'I] l.__']'l.'l'l.'\ th CONCs advance .'I[:Il.[ retract m-
dependently, and which region moves forward is
continually redefined by ansverse movement
(3. A). Observations on protrusion dynamcs led
Lo the hypothesis that these protrusion vanations
are wsed to scarch for permissive sites W oo
new adhesions (7, 81, However, no known dinect
relation between protruskion dvnamics and the
ability ol adhesion receptors o probe the matrx
has been identified.

We studied protrusion dynamics during the
initial matrix exploration. Using high-contrast
dilferential interference contrast (DIC) oplics,
we observed small ripple protrusions triversing
the ouwtermaost edge of fibroblast lamellipodia,
the leading 1 10 2 pm of the lamella (Fig. 1, A
and By, The npples did not move sideways at the

"Mational Institute of Dental and Craniofacial Research,
Natignal Institutes of Health, Bethesda, MD 20892, USA
*Mational Institute of Neurological Discrders and Stroke,
Natignal Institules of Health, Bethesda, MD 20892, USA,
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same speed (0,10 = 0.06 umy's, i = 34) that actin
network treadmilling (0.028 © 0,013 pm's,

510 (¥ moved microspikes and filopodia pre-
cursors laterally (Fig. 1Dy (00, 17}, Instead, the
ripples moved a0 the same speed that actin
polymerization clongates growth cone filopodia
/2y and rockets Livierfa bacteria ( £3). Ahhough

Fig. 1. Local increases in actin polymer-
ization occur at small ripples traversing
the leading edge of migratory fibroblasts,
{A) DIC and PaGFP-actin images showing
NIH3T3 fibroblast lamella (f} and lamelli-
podium (lp). Region of cell is shown in
inset, and black box indicates region in
(D). Scale bar, 5 pm. (B) Histogram of the
ripple duration or wave period (n = 106,
21 cells) (15). Kymographs from DIC
images show the duration of the trans-
verse ripples (white bracket) and local
forward protrusions (black bracket), Hor-
izontal scale bar, 20 s; vertical, 0.5 pm,
(€} Cytochalasin D (CD} decreases the
frequency of the ripples. (D) At the tips of
ripples, there are localized increases in
PaGFP-actin fluorescent intensity (red
arrowheads). The ripples move sideways
faster than either the lateral movement of
filopodia (vertical yellow arrowheads) or
the rearward movement of actin (horizon-
tal yellow arrowheads) due to lamella

the frequeney of ripples decreased in response o
the actin-depolyvmerizing agent evtochalasin D
{Fig. 1C), the associated actin dynamics are dif-
ficult w visualize with zreen Nuorcscent proen
(GFP-actn because of the density and  mpad
trnover (%), We therefore explonted the proper-
ties of photoactivatable GFP (PaGFP) (f4) w
establish the threshold of visible actin and 10
restnet visualuzation o ~40% of the expressed
PaGiFP-actin (/5). Limiting activation revealed
localized increases in actin miensity that moved
sideways with the npples (Fig 1D and movie
S1). The mereases did not represent thickness
vanations  or membrane hifimg, because  they
persisted alier nommalization by the cotrns fectad
monomeric red luorescent protein (mRFP) sig-
nal, and the apples remained within a single DIC
optical seetion (15). The intensity increases are
local actin polyvmerization at crests of npples
traversing the leading edge (82% colocalization,
= 198 (Fig. 1D and movie S1) (/5)
Restricting the region of phooactivation re-
vealed that activated PaGFP-actin localized m
the tip of a nascent rpple and accumulated along
the elongating ripple (Fig. 2A), In contrast to this

network treadmilling. Dashed lines mark initial positions of yellow arrowheads, Scale bar, 5 pm.
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asyvrmielne accumulation of PaGFP-actm, pho-
toactivation of PaGFP alene produced a sym-
metric signal that spread throughout the cell and
wis consistent with simple difTusion (g, 510,
We also found that the vasodilmor-stimulated
phosphoprotein (VASP), which proteats barbed
ends from capping (4}, localized to actin clon-
gating across the leading edge (Fig. 2B and movic
52). The clongating VASP-tipped actin reshaped
and redirceted the larger regions of forward
protrusion {movie 52 Thus, it scems that the
transverse ripples represent local sites of prefer-

ential actn elongation along the edge ol advanc-
ing protrusions,

To test i the localized ncreases inactin
polyvmerization are mvolved in mainx probang,
we compared them with the location of mtegrin
adhesion receptors. Using a luorescent, non-

perturbing antibody, we observed clustering of

By intcgrins that was temporally and spatially
synchronized with actin polvmenzation at the
crests of Apples (Fig. 2, I to F, and movie 52).
The By integrins and actin remained colocalized
during an ~3-min monitoring period (cormelation

003 016 028

Distance (um)

leading edge

100 150
Time (s)

405 0 5§ 10 0 50

Distance (um)

200

Fig. 2. [} Integrins move synchronously with actin polymerizing at the crests of ripples. (A)
Activated PaGFP-actin (fluorescence) initially localizes to the tip of a nascent ripple (DIC) and
accumulates along the entire ripple as it elongates. Arrows slanted toward direction of ripple
movement. Scale bar, 1 pm. (B) VASP, which enhances actin polymerization (), is localized at the
tips of actin fibers elongating along the leading edge. Scale bar, 5 um. {C) Histogram of ripple
speed (m = 34, 27 cells). (D) A sequence from movie 53 shows enhanced green fluarescent protein
(EGFP}-actin and [}, integrin moving synchronously with the tip of an elongating ripple (arrows).
Scale bar, 1 um. (E) The first image of movie 53 shows EGFP-actin and [y integrins have
corresponding increases in intensity. The yellow contour indicates the single-pixel-wide line used to
obtain the intensity traces shown in (F). Scale bar, 5 um. (F) Fluorescent intensity of EGFP-actin
(red) and [, integrin (green) for image in (E); arrowheads correspond to those in (E). (G) Cross-
correlation analysis shows a strong correlation between the intensity traces of EGFP-actin and
[i1 integrin at the edge and essentially no correlation behind the edge. (H) A high correlation
between EGFP-actin and [3, integrins is maintained along a 20 um length of the leading edge
throughout the ~3-min monitoring period (correlation coefficient 0.53 £ 0.13 at the leading edge,
n =54, and 0.01 + 0.14 behind the lamellipodia in a region devoid of adhesive contacts, n = 54).
(A to C} are NIH3T3 cells and (D to H) are human foreskin fibroblasts.

www.sciencemag.org  SCIENCE  VOL 315

REPORTS

coefficien 0,50 = 0,12, i = 217, live cells), In
comtrast, [ mtegnns did not colocalize with
actin behind the leading edge (cormelation
coefliciem 0.01 = 016, » 140, five cells)
(Fig. 2, G oand T, and movie 53) (/730 Sinalar
comrelations were obtained for positive and
negative controls, respectively (fig. S3). Thus,
[3; integrins mewe synchronously with polvmer-
izing actin along the leading cdge.

[0 test whether these By imegrins were capable
of binding extracellubar matrix, we examined their
conformmational state and found activated [§; in-
tegrins colocalized to the tips of actin along the
leading edge (comelation cocflicient (L63 + 010,
n=14) 1]"'11_[. 3 Aand B, IT:_'\. 52 10 55). To visual-
iz activation and to determine where the transi-
thoors 10 @1 Jligh-;llf'l'lllh} state occumed, we dey c]u|‘n.1|
a livecell assay using a fuorescent antibody
tareeting high-alliniy By micenns (YEGT). We
imitially labeled all of the activated [§; mieenns on
the cell surface a0 that any subsequent labeling
would reveal newly activated [y itegnins, These
newly  labeled mtegnns appearcd only atl the
beadng edge (Fig. 30 and movie 54),

The activated [§; imtegrins wene not lzaed o
fibromectin but could bind Tbronectin ragments
(FNI120KD), specilically, with the asfdy inegrin
heterodimer (Fig, 3D and Gig. 523 which was
consistent with an inereased avidity for fibro-
nectin at the leading edge (fa, 7). Although
unligated high-affinity @, 35 integrins, which can
bind vitronectin or fibroncetin, transicmly local-
i2c 1o the edge of spreading cells (18, we did not
find By integrin localization (fig. 53 )or increased
vitronectin avidity at the leading edge of mi-
grating cells (47, /9. Moreover, the observed
spatial correlation between high-affiniy 3 in-
tegrins and actin was not restricted 1o a single
cell tvpe, antibody, or extracellular matrix (Fig. 4
and fig. 531 Activated, but unligated, fibronectin
adbesion receptors at the leading edge may thus
have a direet mole in sampling the extrcellular
mannx durimg migration.

We tested the functional relation between
actin polvmenzation and activated iy imtegrins
by altering actin dynamics (Fig. 44 and hig. 54).
Decreasing the number of polymenzng actin
ends by capping with eviechalasin D decreased
the density of activated [y integnns, while
mcreasing the number of polymenzing cnds
with the stabilizer jasplakinolide (9 incneased
the activaed [y intcgnn density at the cell
periphery. Morcover, increasing actin turnover
without changing the number of barbed ends,
with the myvosin [ adenosine tniphosphatasce
(ATPasce) inhibitor hlebbistatn, (13, 200 did nm
change the activated 5, mtegrin density. Con-
sistent changes in activated [ integrin density
were observed with siBRNA (small interfering
RNA) knockdown of the cofilin phosphatse
;.]i.u;_;n]lul: and :.';l]'l]'-in:-__: |'||1|I1,'i|1 [ 1]'|:_._-. 5S4 De-
spite the changes in density, the correlation
between activated By inmezring and poly merizing
actin remamed high [comelation coctlicient (0,449

to (054 wath no stanstical ditference (P = 0.03)
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Fig. 3. Activated but unligated iy in-
tegrins are located at the tips of actin
fibers at the leading edge. (A} Conforma-
tionally activated (4 integrins are spatially
concentrated at the tips of polymerizing
actin at the leading edge of human fore-
skin fibroblasts. Scale bar, 5 pm. (B) Flu-
orescent intensity of Factin (red), activated
[i; integrin (blue), and total (active +
inactive} [§; integrin (green) along the
yellow line in (A In this example, the
correlation coefficient is 0.69 between total
[3; integrin and F-actin, and 0.75 between
activated 4 integrin and F-actin. The
average correlation coefficients for multi-
ple cells are shown in fig. 53 and Fig. 2D
(m = 14). Total and active integrin

distributions are compared in fig. S20. Scale bar, 5 pm. (C) Sequential
fluorescent (top) and DIC (bottom) images showing the activation of
[i; integrins on MIH3T3 cells. Different color arrowheads differentiate
individual activation-specific antibody binding sites at the leading edge that

Fig. 4. Localization of activated [§; in-
tegrins at the leading edge depends on
availability of polymerizing actin ends.
(A) NIH3T3 cells stained for activated
[i; integrins {(green) and F-actin {red and
grayscale} show a decrease in activated
[i1 integrin density when actin is capped
(cytochalasin D, n = 19) and an increase
when actin is stabilized to increase
the number of free ends (jasplakinalide,
n = 22). Inhibiting myosin Il ATPase
(blebbistatin, n = 18) did not change the
number of actin ends or the integrin
cancentration. Scale bar, 5 um. Boxplot
of activated [}, integrin density normal-
ized to control (n = 27). (B} Activated
[i integrins are also localized to the tips
of polymerizing growth cone filopodia
(NG108 cells). Scale bar, 5 um.

between eytochalasin D (= 23), jasplaknolide
(= 27} blehbistatin {n = 34), and contmol (n
25) (£5) The changes in activated By imegrn
density thus comespond o the number of polyvme-
Ccrizing actin ends.

To further test whether By intcgnns interact
with polvmeriang  actin, we demembranated
cells wath Trton X- 10 w0 remove the ecll mem-
brane and membrane-associated proteins but
leave behind the evioskeleton and evioskeletally
associated proteins (£5) Activated |3, integrins

quantitatively colocalized with the tips of

polymerizing actin at the leading edge in the
demembrnated cells (fig. S3A), The leading
edge localization of activated and tonal 5 mn-

tegrins was decreased by sIRNA knockdown of

talin 1, a direct physical linker between actin and

[§p integrins (21) that 15 associated with tips of

actin fibers along the leading edge (221 Ad-

activated fi4
integrin

Intensity (@u) @

(=]

actin R
T

B A

000
o+ 1 1 ! y
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Distance (um)

ditionally, the localization was not changed by
knockdown of a-actinin 1, ansther direct linker

(23 that is not similarly concentrated along the
leading edge (Mg 55C) These data suzeest that
talin contributes to the linkage between [ in-
tegrins and polymenzing actin o the leading edge.

We also found activated iy integrins local-
ped at the ups of growth cone flopodia (Fig.
4B). Growth cones guide migration by sampling
the matrix Tor lizands and relative stiffness (24),
and their actin-based filopodia are necessary Ton

correct steering in vivo (25), The localization of

activated [3; integrins at llopodia tips suggests a
role in growth cone path-finding. Additionally,
wie tested whether the actuvated adbesion re-
ceplors at the cell perimeter regulated migra-
tion force W match matrix stifThess by using an
optical trap assay (7, 24, 26). We found con-
nections  fommed between libronectin and the

= 100 s

_____________ S .
0 -, -
X . % ol
ﬁﬁ #'Q o i
2T 'f;a

subsequently move rearward, Vertical scale bar, 2 um. (D) Boxplot shows
activated [}, integrins do not cross-correlate with endogenows fibronectin (n = 8)
but do correlate with added FN120kD {n = 17) and can be blocked by inhibitory
antibodies (n = 8) (P < 0.001).

adhesion receptors at npple protrusions were
more likely to regulale mgration force (5%,
i =1 3) than connections [omed at other regions
alomg the leading edee (25%., 0 12). This
suggests that actvared By micenns are localized
at the ends of actin fibers 1o probe for hgands, o
uide migration direction, and o regulate mi-
gration force,

Polymerization of actin libers directs the
movement of a k;LI'iL'l:-. off ;'u'ulrtl:x'l-:rn.\ |".1||:__:'|Ilg
from rocketing Listeria {270 elongating flopo-
dia (/2% Our data indicate thal preferential
localived polvmerization and clongation of
actin filaments or libers along the leading edge
steer local forward protrusions. The poly-
merizing actin moved and clustered ) integrins
to spatially position integrins primed 1o probe
the matrix at the very front of cell protrusions,
creating “sticky fingers™ along the leading
edge. Transverse variations in actin polvineri-
zation along the advancing perimeter allow the
primed mtegrin receplors o sample more of
the extraccllular matrix than simple forward
and backward movement. This mught allow
cells with well-developed adhesive contacts o
make small changes in migration direction
without severing and reestablishing their matrix
connections under the cell body, Thus the
extremely dynamic local variations in actin
polymerization probe the matrix for adhesion
sites by positioning primed adhesion recep-
tors along the advancing cell penmeter during
migration.
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Maplike Representation of
Celestial E-Vector Orientations
in the Brain of an Insect

Stanley Heinze and Uwe Homberg®

For many insects, the polarization pattern of the blue sky serves as a compass cue for spatial
navigation. £-vector orientations are detected by photoreceptors in a dorsal rim area of the eye.
Polarized-light signals from both eyes are finally integrated in the central complex, a brain area
consisting of two subunits, the protocerebral bridge and the central body. Here we show that a
topographic representation of zenithal E-vector orientations underlies the columnar organization of
the protocerebral bridge in a locust. The maplike arrangement is highly suited to signal head

orientation under the open sky.

any amimalks, including binds, fshes, ceph-

alopods, and anbropods, share the abil-

ity o perecive lincarly polazed ligh
(£, 20, The plance of polarization { £-vector) vanes
systematically across the blue sky and depends
om the Sum’s position. For a variety of msects this
pattern has been shown o puide spatial onenta-
tion (20 In locusts, polarotactic onentation de-
pends on a specialized part of the compound eye,
the dorsal nim area (3), and mvolves severl cen-
tral processing stages, including the central com-
plex (4-7). The central complex (CC) is a group
of neuropils spanning the midline of the inseat
brain. Substructures are the protocerchml bridge
{PB)Y and the upper and lower divisions of the
central body, An outstanding anatomical feature
of the CC is its regular and highly sophisticated
internal neuroarchitecture (3100, In simplified
tenms, il consists of stacks of amays, cach com-
posed of a lincar arangeinent of 16 columns with
topographic interhemispheric connections be-
tween columns both within and between dif-
feremt arravs, Hypotheses on the functional

Animal Physiology, Department of Biology, Philipps Uni-
versity, 35032 Marburg, Germany.

*To whom correspondence should be addressed. E-mail:
homberggstati.uni-marburg.de
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roles of the CC range from a control center for
motor coordination {(//) 10 a recenly demon-
strated involvement in visual patern learning
and recognition (/2). In the locust, several cell
types of the CC are sensitive to the orientation
of #enithal E-vectors (3), but the cormespon-
denee of cell morphology and E-vector ning
has remained obscure. In this study, we have
used mtracellular recordmgs combined with
dye imjections to analyze E-vector tuning in CC
neurons of the locust with columnar arboriza-
tion domains.

Two major classes of polarzation-sensitive
{ POL ) neunons were encountercd nezularly when
we recorded from CC neurons: (1) a particular
type of angential neuron of the PB and (ii)
several types of columnar neurons. Tangential
neurons of the PR, temed here TB1 neurons,
have not been described previously in the locust
orany other insect. A tolal number of 18 of these
cells were analyveed. Their morphology  was
revealed by iontophoretic tracer injection, histo-
logical processing, and camera lucida reconstruc-
tion (/3) TBI neurons provide a connection
between a posterior brain region. the posierior
oplic whercle, and the PR (Fig. |, A and B). Each
TBI neuron bad two domains of vancose and,
thus, putatively presynaptic arborizations con-

fmed w a smgle column in ¢ach henusphene of
the PB. When PB columns are mumbered as LI
(lateralmost column in the keft hemisphere of the
PB) 1o LR (most medial colomn m the lei
hemsphered and. accordmgly. fom BRI 1o RS in
the nght hemisphere of the bradee, TB1 ncurons
with vancose rumilications in columns R1/LE,
R2/L7, R4/LS, R5L4, RO/L3. and R7/L2 were
encountered.  Varicose  processes were always
cight columns apant, with processes ipsilaterally
in ome of the four outer columns and commlaterally
in one of the four inner columns (Fig. [E), The
columns neighboring those with vancose pro-
cesses were free of rmmifications, and six 1o cight
other columns were imvaded with fine, smooth
arbonizations. Furthermore, all TB1 neurons had
varicose arborizations in the posterior oplic
tuberele, a brin arca connected o a small newropil
in the optic lobe, the accessory medulla (£4).

The pattem of vancose arborzations in the

PB corresponded 10 physiological propenties of

the TB1 neurons. For imracellular recordings, the
animals were lixed i the recording setup and
stimulated from the zenith with a rotatng
E-veaton Recordings wene obtamed from their
main neurte in the PB. Each TB1 neuron showed
polarizabon opponency, 1e., E-vector orenti-
tions leading 1o an increase i spiking activity
{excitation) were oriented  perpendicularly 10
E-vectors, leading o a decrease in spiking activ-
ity (inhibition) (Fig. 1, C and D). The Evector
tuning (E-vector orientation resulling in maxi-
mum excitation, W) was determined for cach
neuron by circular statistics |Rayleigh wst (15)].
E-vector tuning of TB1 neurons showed a linear
relation o the position of their varcose mimilica-

tions in the PB (Fig. 1F). Thereby, a range of

s imings of 182° = 717 extends through the
cight columns of cach hemisphere of the PB and,
thus, comesponds o the whole range of possibly
oCcuring E-veclor orentations,

Because the E-vector map in the PB corre-
sponds with the proposed ouiput regions of the
TBI nourons, we asked whether candidate post-
synaptic neurons show a similar representation
of E-vector tuning. Columnar ncurons have ar-
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borizations in single columns of the PB and
semd axonal projections to an area owside the
CC, the lateral accessory bobe (LAL)Y. Several
cell types have additional arbonzations in disting
colummns of the central body, Three tvpes of these
neurons are polarzation-sensitive (Fig. 2) We
cvaluated the data from 19 recordings from these
cell types, termed CPU L, CPL, and CP2 neurons,
CPUL meurons have smooth endings in single
columns of the PB, in columns of the dorsalmost
layer | of the upper division of the central body
(CBLUY, and an axonal fiber with varicose endings
in the LAL (Fig. 2A) Each neuron connects a
single column of the PB with two neighboring
columns of the CBLUL following a wiring scheme
described for Dyosaphila (93 (Fig. 2G) ANNCPUL
peurons (10 recordings) showed polarization
opponency and background spiking activity of

200 1o 40 He. Comparison of the mpervated col-
urmns in the PB and 9, tuning again revealed o
spatial representation of E-vector orientations
across the PR, which covered a range of 228° «
T73% through the 8 PB columns i one brain
hemisphere (Fig. 21). The slope of the regression
lines of TB! and CPUI neurons did not differ
significantly | = 0.32, analysis of covariance
{16)], indicating that the wning range through the
16 columns of the bridge matched for both cell
types. However, the CPUT map was shified by
1019 jequivalent o —79%) relative o the map of
TBI neuwrons (significantly different clevation of
regression lines, P = 0401,

The remaining two types of colunnar neurons,
CP1 and CP2 newurons, also connected the PB with
the LAL (Fig. 2, B, C, and H), but lacked
arborizations in the central body. Within the LAL,

L:]
e LB LFLn g AT P

F
45&: -5|=__..-j.4-
360 { [
' |-
2704 ]
3 o "
1804 w»
.= o T
90 (e ®
L1 L3 LS LT RBE R6 R4 R2
varcose columns in tha PB

Fig. 1. Morphological and physiological properties of TB1 neurons. (A and B) Frontal recon-
structions of two TB1 neurons; inset shows frontal view of the locust midbrain. Scale bars, 100 pm.
(€ and D} Gircular plots of mean firing rate during E-vector rotations for the neuron in (A) [(C)] and
(B) [{D}] (n = 4, bin width 10°; error bars: SD). Solid lines indicate background activity. (E} Wiring
scheme of the TB1 neuron system. Each line represents one TB1 neuron in the PB (black squares:
columns with varicose arborizations; gray squares: columns with smooth arborizations; white
squares: columns without arborizations). Asterisks indicate TB1 neurons shown in (A) and (B). (F)
Correlation between location of varicose columns in the PB and E-vector tuning (g, of TB1
neurans (n = 18). Because each neuron has varicose arborizations in single columns in the right
and [eft PB hemisphere, (., values were plotted twice for the right hemisphere (open circles) and
the left hemisphere (filled circles). Linear regression shows significant correlation {r = 0.81, 5D =
35.87, P = 0.0001, two-tailed ¢ test, ¥y = 24.2x + 77.0). Also shown are 95% confidence bands
(13). AL, antennal lobe; CC, central complex; MB, mushroom body; PB, protocerebral bridge; POTu,

posterior optic tubercle,
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projections wene confined 10 cither of two
subcompartments, the medin olive (CP1Y or the
Eteral tnamgle (CP2), Both tvpes of neuron had
smooth arborizations in the PB and  vancose
enddings e the LAL. In all recordings (n = 99,
CPl and CP2 neurons showad polamzation oppo-
neney, but had lower background activity (3 1o
15 Hz) than CPU1 and TBI ncurons. As for
CPUL and TB1 neurons, regression analysis of
pooled data from CP1and CP2 neurons revealed
a lincar correlaion between the imervated col-
wmn in the PB and the Esvector uning of the
meurons (Fig. 2% The lincar regression for CPI
and CP2 covered a range of 206° + 76% over one
hemisphere (cight columns) of the PB and was
not significantly different from the linear regres-
sion for CPUL newrons (slope: P = 04777,
clevation: = 0.3525). It was, however, phase-
shified by 1117 (equivalent o —69°) against the
map of TBI neurons,

The present study shows, mdependently Tor
three differem cell tvpes, that a map of zenithal
E-vector onentations underhics the columnar orga-
nesation of the locust PB. This spatial represen-
ttion adds a level of complexity W sensony
processing n the inscct brain, hitherno thought 1o
be achieved only n venebries, In most neurons
at least hall=maximal activation occurred over an
E-vector orentation mange of about 60°, implyving
considerable overlap for neighbonng columns
and the necessity of a population code for ne-
tricving exact information from the fring rates of
these cells (7).

Under the open sky, the activity in the POL
meurons described here is directly relaed 10 the
directional orientation of the locusts head, pro-
vidod that additional mechanisms (color coding,
intensity coding) allow the animal 1o distinguish
the solar from the antisolar hemisphere of the sky.
Color-coding propertics suited 1o fullill this re-
quirement have been demonstrated recemly for
POL peurons at an input siage 1o the CC, the
mfenor optic whercle (/4 Neumns encoding
head dircctwom have been mtemsely studied m
mammals (79, 20, An important difference of the
locust polarization analyeers in the CC is their
global nature of sgnaling. The neurons fire
according o zenithal E-vectors, which prowide
information about the Sun’s azimuth and, there-
fore, these newrons behave like an imernal 1807
compass. In mats, in contrast, head-direction cells
are recalibrated to visual landmarks in cach new
environment and are apparemly not armnged
topographically (24, 22).

Although some progress has been made in
analyzing the wiring principles from which com-
putational maps arise in venebrtes (23, 24), the
simple brains of locusts offer the opporiunity 1o
address this question at the level of single iden-
tified neurons. Within the PB, the spatial maps of
tangential and columnar neurons are out of phase
by about 90°. I TBI newrons are dircctly con-
pected to the columnar neurons, a phase shilt
ol 907 might most easily result from inhibitory
connections of TBI neurons 1o the dendritic
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trees of columnar neurons, Double-labeling
experiments showed that serotonin and a Dip-
allmostatin-related neuropeptide ane present o
TBI neurons (fig. S5). For both substances,
mhibitory effects have been demonstrated n
other systems (23, 26 Whercas aeimuthal space
is lincarly represented in the columns of the PB,

L1 L3 LS LY R8 R6 R4 R2
Columns in the PB

the wiring of CPUL neurons should result in a

superposition of the two 130° representations of
the PB in the CBLUL but with a lateral shift of

about 50° (lig. S3). The inctional consequences
of this shilt are presently unknown, I the £-
vector wnings of comesponding CPUL neurons
in cach of the cight double columns of the CBU

- /'
L1 L3LS L7 R8 RE R4 R2
Columns in the PB

Fig. 2. Morphology and physiology of columnar neurons. (A to €) Camera lucida drawings of a CPU1
neuron (A), CP2 neuron (B}, and CP1 neuron (C) projected onto three-dimensional reconstructions of the
central complex. Scale bars, 100 um. (D to F) Circular plots of mean firing rate during E-vector rotations
for the neurons shown in (A} to (C) (n = 4, bin width 10°; error bars: SD). (G and H) Wiring schemes of
the CPUL neuron system and the CP2 neuron system. Asterisks indicate the CPUL neuron shown in (A)
[(G)] and the CP2 neuran shown in (B) [(H)]. The CP1 newron system (not shown) projects to the MO but
is otherwise identical to the CP2 system. (I and ]} Linear correlation between the location of the
columnar arborization domain in the PB and the E-vector tuning (b} of columnar newrons. (I} CPUL
neurons b = 0.93, 50 = 36.5%, P = 0.0001, two-tailed f test, ¥ = 30.4x = 76.2}. Midline crossing occurs
at 182°, () CP1 neurons lopen circles) and CP2 neurons (filled circles) have been combined for statistical
analysis (r = 0.97, SD = 38.0°, P < 0.0001, two-tailed ¢ test, y = 27.4x — 6£1.8). Midline crossing ocours
at 171", Confidence bands are shown at 95%. CBL, CBU, lower and upper divisions of the central body;
LAL, lateral accessory lobe; LT, lateral triangle; MO, median olive; PB, protocerebral bridge.
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are merged, the azimuth representation would be
reduced 1o only about 1567 of frontal space.

O the basis of the data presented here and a
recent paper by Liv o af, (F 20 a cohenent func-
tiomal role or the CC i emerzing. In Ovosophila,

tangential nourons innervating specific layers of

the cemtral body are essential for recognizing
features of visual objects (clevation in the pano-
s comtour oncntation). Columnar neurons,
like the CPUL neurons, are ideal candidates 1w
mwsociale these visual feawres with infonmation
on their azimuthal direction (fig. S4). Liv e al.
{12} already hypothesized that the width of the
CBLU represents azimuthal space. This is strongly
supported by our data, but this representation
may dilfer between cell types and CC substrue-
tures as pointed out above,
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The Calyptogena magnifica
Chemoautotrophic Symbiont Genome

I L. G. Newton,* T. Woyke,® T. A. Auchtung,® G. F. Dilly,* R. ). Dutton,® M. C. Fisher,’
K. M. Fi:lrttane:,,1 E. Lalu,1 F. ). Sh‘:wart..1 F. M. Richardsun,’ K. W. I.’.',arr',r..2 E. Slaum:ln‘:rs,2
). C. Detter, D. Wu,* ]. A. Eisen,® C. M. Cavanaugh®*
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Chemoautotrophic endosymbionts are the metabelic cornerstone of hydrothermal vent
communities, providing invertebrate hosts with nearly all of their nutrition. The Calyptogena
magnifica {Bivalvia: Vesicomyidae) symbiont, Candidatus Ruthia magnifica, is the first intracellular
sulfur-oxidizing endosymbiont to have its genome sequenced, revealing a suite of metabolic
capabilities. The genome encodes major chemoautotrophic pathways as well as pathways for
biosynthesis of vitamins, cofactors, and all 20 amino acids required by the clam.

ctazoans at deep-sca hydrothermal

vents Aourish with the support of

svimbiotic chemoautotrophic bacteria
(). Analogous to photosynthetic chloroplasts,
which evolved from cvanobactenal ancestors
and use light energy 1 iix carbon for their plant
and algal hosts, chemoautotrophie endosym-
bionts use the chenmcal enerey of reduced sul fur
cmanating from vents to provide their hosts with
carbon and a large armay of additional necessary
nutrients. In return, host mvertehrates bndge the
oxIC-anoxic mierface to prow ide symbiotic bacte-
ria with the morganic substrates necessary lor
chemoautotrophy. The giant clam, Cabyprogena
mragnificad Boss and Tumer (Bivalvia: Vesico-
myidac), was one of the (st ogamisms de-
seribed afier the discovery of hydrothermal
vents (2). It has a redoced gut and ciliary food
groove and is nutritionally dependent on s
y-protecobacterial symbionts (here named Can-
didlarns Rutliia magnificay (3, 4). We present
the complete genome of Ruhia magnifica
iFig. 1). Despite having a relatively small ge-
pnome (1.2 Mb), R magnifice is predicted o
cncode all the metabolic pathways typical of
free-living chemoautotrophs, including carbon
fixation, sullur oxidation, mitrogen assimilation,
and amino acid and cofactor/vitamin  bio-
synhesis (g, 51 and @able 51),

The following sections outline the recon-
struction of K. maemifica’™s chemoautotrophic
metabolism and what this might mean for the
biology ol its host. Our analysis provides direal
evidence than this svmbiont fixes carbon via the
Calvin eyele, the dominant form of carbon fixa-
tion in vent symbioses (3), by using energy
derived from sullur oxidation. The £ magnifica
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genome encodes eneymes specific o this eyele,
including a form Il ribulose 15-bisphosphate
catboxylasc-oxygenase (RuBisCO) and phos-
phoribulokinase (6). Interestingly, however, it
appears that B maenifice lacks homologs of
sedohepulose 1.7-bis phosphatase and fuctose
.6-bis-phosphatase and may regenerte ribu-
lose | 5-nsphosphate via an unconventional
route, one that was a reversible pavrophosphate-
dependent phospholructokinase [supporting on-
line materal (SOM ) 1ext].

Encrgy lor carbon fixation in & maenifica
appears W0 result from sulfur oxidation via the
sox (sulfur oxidaton) and dve (dissimlatory
sulfite reductase) genes (lig. 511 The symbiont
may oxidize its sullur granules via dvr homo-
logs when external sulfide is lacking, as oc-
curs in both Affeclomativm vinosem and
Cltlorobium linicola (7, &), Homologs cn-
cading both a sulfide:quinone oxidoreductase
and rhodanese are also present, and, with the dsr
and sox proteins, these enzymes can oxidize
sulfide or thiosulfate o sulfite (fig. S1). Sulfie
can then be oxidized 10 sulfe by adenosine 3'-
phosphosul e (APS) reductase and adenosine
triphosphate (ATP) sulfurylase before being
exporied from the cell via a sulfate transporter,
Gienomic evidence of the Calvin eyvele and the
sulfur oxidation pathways confirms the chemo-
autoautotrophic nature of this symbiosis, These
data suppont prior repors showing RuBisCO
and ATP sulfury lase activity in C magnifica gill
tissue (4. 91, carbon dioxide uptake by the elam
in mesponse o sulfide or thiosulfane (F0), and
sulfide-binding, zinc-containing lipoprotein in
the host blood stream (/).

Enecrgy conservation via the ercation of
a charge across a membrine procecds in
R magnifica through a nicotinamide adenine
dinueleotide (NADH) dehydrogenase, a sulfide:
quinone oxidoreductase, and an ey complex
(/2). The genome encodes a straightforwand
clectron transport chain; thus, the reduced
quinone in the symbiont membrane may trans fer
electrons 1o evtochrome ¢ via a by complex,
and a terminal evtochrome ¢ oxidase could then
transfer these electrons o oxveen (g, 51,

Our analvsis shows that £ maeeifica has the
potential v produce 20 amino acids, 10 vitamins

or colactors, amnd all necessary  biosynthetic
mtermediates, supponing an essential role of
symbiont metabolism in the notrinon of this
symbiosis. Two nitrogen assimalaton pathways,
casential W provisioning of amino acids in the
symbiosis, oceur in & magnifice. Nirate and
ammoniz, which enter the cell via a nitrate or
mitrite transporier and two ammonium per-
meases, are reduced via mitrate and  nitrite
reductase and assimilated via glutamine synthe-
tase and glutamate synthase, respectively (fig.
S1). Although nitrate is the dominant nitrogen
formn at vents {/3) the symbiont may also as-
similate ammonia via recycling of the host's
amino acid waste, Unlike any other sequenced
endosymbiont genome, R magniffca encodes
complete pathways for the biosynthesis of 20
amine acids, including 9 essential amino acids
or their precursors (Ne, 530 R maenifice also
has complete biosynthetne pathways tor the
magonty of vitimms and colactors (SOM text),
The genome encodes a complete glyveolytic
pathway and the nonoxadative branch ol the
pentose phosphate pathway and, mteresingly,
also encodes a tricarboxylic acid (TCA) evele
lacking a-ketogluarate dehvdrogenase. The
lack of this enavme has been suggesied 10
indicate obligate autotrophy in other bactenia
(/4. Carbon lixed via the Calvin eyele can enter
the TCA cyele through phosphoenolpyruvate
and here could follow biosynthetic routes cither
o fumarate or W a-ketoglutarate.

As with other intracellular species, genes not
found in the B magnifica genome reveal im-
porant details about the imeraction betwoen host
and symbiont, Few substrate-specific trnsportors
were found, suggesting thm the svmbionts are
leaky or that the host actively digesis symbiont
cells, Indeed, Ruthia's closcst known relatives,
the bathvmodiolid mussel svimbionts, ane di-
pested intracellularly by their host (45). Although
the vesicomyids and the bathvmodiolids are
distantly melated, putative desmdative stages of
symbionts also are observed within O magnifica
bacterioeyies (fig. 82b) The symbiont is also
lacking the key cell division protein fis? sug-
gesting that, like Chfamydia spp.. mirace llular
division may not proceed through vsual path-
wiys (SOM text).

Intrmcelular endosymbionts often follow dis-
tinctive evolutionary  routes, mcluding  genome
reduction, skewead base compositions, and elevated
mutation rates (J6), Given the apparent defects in
DNA repair in £ magnifica (SOM text) and the
likely evolutionary forces pushing this genome
oward degradation, it is particulerly informative
that Rl retains genes encoding a full suite of
chemoautotrophic processes, lindeod, & magnifioa
bas the largest genome of any intacellular sym-
bicen sequenced to date and may represent an carly
mienmediate in the evolution wward a plastd-like
chemoautotrophic organclle, The broad amay of
metabolic pathways revealad through sequencing
ol the £ sarerificn genome conlims md exiends
prior knowledge of host nuiritional dependency,
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I

100001

Candidatus Ruthia magnifica
1.2Mb

Fig. 1. A circular representation of the
R. magnifica genome. The innermost circle
highlights genes of special interest: cbb
(Calvin-Benson-Bassham cycle, red), sox
(sulfur oxidation, green), dsr (dissimilatory

B Lipid metabolism

H Cell ma?iliq}' and secretion 600001
B Transcription

M Coenzyme metabolism sulfite reductase, blue), and rnf (NADH de-
B Energy production and conversion hydrogenase). The secand and third circles
B Amino acid transport and metabolism show GC skew and %G+C, respectively. The
W Translation, ribosomal structure and biogenesis distribution of genes is depicted on the two
B Cell envelope biogenesis, outer membrane outer rings (fourth and fifth, forward and re-

Cell division and chromosome partitioning verse, respectively) colored by role category.

Carbohydrate transport and metabolism
B Secondary metabolites biosynthesis,transport and catabolism
B Extracellular structures
B Inorganic ion transport and metabolism
B Defense mechanisms

W Signal transduction mechanisms
B Nucleotide transport and metabolism
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The Phosphothreonine Lyase Activity
of a Bacterial Type lll Effector Family

Hongtao Li,* Hao Xu,* Yan Zhou,* Jie Zhang, Chengzu Long, Shugin Li, She Chen,

lian-Min Zhou, Feng Shaot

Pathogenic bacteria use the type |l secretion system to deliver effector proteins into host cells to
modulate the host signaling pathways. In this study, the Shigella type Il effector OspF was shown
to inactivate mitogen-activated protein kinases (MAPKs) [extracellular signal-requlated kinases

1 and 2 (Erk1/2), c-Jun N-terminal kinase, and p38]. OspF irreversibly removed phosphate groups
from the phosphothreonine but not from the phosphotyrosine residue in the activation loop of

MAPKs, Mass spectrometry revealed a mass loss of 98 daltons in p-Erk2, due to the abstraction of
the « proton concomitant with cleavage of the C-0P bond in the phosphothreonine residue. This
unexpected enzymatic activity, termed phosphothreonine lyase, appeared specific for MAPKs and

was shared by other QspF family members.

Gmm-u-:gﬁliw bacterial pathogens ofien
use the type I seerction system (TTSS)
o inject into host cells effector proteins
(f) that interfere with host signal transduction
pathways to promote pathogen infection. MAPK
signaling plays an imponant role in activaling
host innate immune responses in both plants and
animals and is a frequent target of pathogenic

effeciors (2 4). Identification of host targets of

TTSS effectors and clucidation of their bio-
chemical functions are critical in understanding
the mechanism and the evolution of bacterial
pathogenesis (3, 3, 6).

The TTSS eftector OspF s present in all
the four known pathogenic specics of Shigella
(791, a causative agent of bacillary dysentery
(1. OspF. together with SpvC and HopAll,
represents a family of TTSS effectors conserved
in both plant and animal bacterial pathogens (/1)
(fg. S1). None of the OspF family effectors has
an established biological or biochemical func-
tion. To define the biochemical function of OspF
and the OspF family of effectors as well as w
identify their potential in vivo targets, we ex-
amined eflects of OspF on the host immune sig-
naling pathways, including those of nuclear
factor kB (NFrB) and MAPKs.

Transicnt expression of OsplF in human 2937
cells eMiciently blocked extrmcellular signal

National Institute of Biological Sciences, Beijing, 102206,
China.
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tTa whom comespondence should be addressed. E-mail:
shaoteng@nibs.ac.cn

16 FEBRUARY 2007 WOL 315 SCIENCE

repulated kKinases 1 and 2 (Erk1/2) and ¢-Jun
N-terminal kinase (JNK) signaling, whereas it
did not alter NFeB activation (Fig. 1A). OspF
abrogated phosphorylation of endogenous
Erk1/2, INK, and p3X kinascs (Fig. [, B and C).
These results suggest that OspF harbors a specilic
activity of down-regulating multiple MAPKSs but
not NFx B signaling when overexpressed in mam-
malian cells. To define the specific stepds) in the
MAPK pathway blocked by OspF, we wmed o
the canonical Erk pathway that is activated by a
phosphorylation cascade of Raf, MAPK Kinasc
(MEK), and Erk Kinases (12), OspF blocked Erk
activaton in 293T cells ranstected with cither
RasV12, v-Ral (constitutive active Raf), or
MEKI-ED (constitutive active MEKI1) (Fig.
1D} Meanwhile, RasV 1 2-induced MEK | phos-
phorviation remained iact despite the disap-
pearance of Ek1/2 phosphorylation in cells
expressing OspF (Fig. 1E). Thus, mhibition of
Erk phosphorylation by OspF is downstream of
MEK!1 along the classical Ras-Ral-MEK-Erk
cascade,

Erk1/2 phosphorylation can be reconstituted
in the cell-frec extracts system by adding up-
stream signaling molecules (7). Addition of bae-
terially expressed and highly purified OspkF (fig.
S2A) in 293T cell extracts abolished both
RasV12 and active B-Ral induced Erk 12 phos-
phorvlation, whercas MEK] phosphorylation
was not affected (Fig, 2A). This excludes the
transeriptional regulation of MAPK pathway by
OspF and also provides a sysem that recapit-
ulates the inbibition of MAPK signaling by OspF
in cells, To further test whether OspF dircctly

targets the Ral-MEK 1-Erk 112 cascade biochem-
ically, we reconstituted the phosphory lation cas-
cade of B-Raf MEK 1 Erk2 by using purified
kinases. Addition of OspF 1o this reaction large-
Iy abolished Erk2 phosphorylation (Fig. 2B).
Furthermore, recombinant OspF could  inhibat
phosphorviation of gluabione S-translerase
(GST)y-Ek2 by MEK 1-ED (Fig. 2C), sugpesimg
than OapF direetly taneets Erks or MEKS, Recom-
binant Erk2 fused o maliose binding prodein
(MBP-Erk2), but not MBP alone, effectuvely
precipitited OspF (e, S2A) Flag-OspF also
coprecipitated with endogenous Erk] /2 but not
MEK] from 293T cells (fig. S2BY Thus, OspF
tarpets Erk and atienuates s phosphorylation
staitus,

Given the direct association between OspF
and Erk2 and that the basal amount of phospho-
Erk1/2 {p-Erk1/2) was diminished by OspF
addition in the cell-froe reconstitution assay
{Fig. 2A), we reasoned that OspF could harbor
a phosphatase activity 1o reverse Erk phos-
phorylation. When in vitro phosphorylated
GST-Erk2, JNK, and p38 were incubated with
recombinant OspF, dephosphorylation indeed
occurred (Fig. 2, D and E). Funhermore, OspF
selectively removed phosphate groups from the
threonine but not from the tvrosine residue in the
pT-X-pY (/3) motifin p-Erk2 (Fig. 2, Dand F).
Thus, Ospl harbors an in vitro eneymatic activ-
ity of specilically removing phosphate groups
from the phosphothreonine i the pT=X-pY motl
in MAPKs, including Edk 12, INK, and p3&.

OspF appears o function as a threonine-
specific MAPK phosphatase. However, our anal-
wais mules oul the possibility of a classical protein
phosphatase of OspF in nature | Supporting On-
linc Materal (SOM) wext]. To reveal the chemical
nature of OspF activity, we subjected MEK 1=
phosphory lated MBP-Erk2 (p-Erk2-control), as
well as MBP-p-Erk2 further treated with OspF
(p-Erk2-OspF) o tandem mass spectrometry
analysis. More than 0% of the MBP-Erk2 se-
quence was covered by observed tandem pep-
tides. All of the peptides Trom p-Erk2-control
and p-Erk2- OsplF were indistinguishable except
for the peptide containing the TXY phosphomeotil’
[VADPDHDHTGFL-pT-E-pY-VATR (1.9)]. The
mass of the peptide from p-Erk2 OspF was
2204.9 dalton (Fig. 3A), 9% dalion less than that
of the comesponding peptide from p-Erk2
control. The Y8-dalton mass decrease occurmed
on the phosphothreonine residue in the pT-XpY

www.sciencemag.org



motil’ (Fig. 3B). Consistently, when a svithetic
phosphopeptide contaiming the TXY phosphio-
motil in Erk2 (DHTGFL-pT-E-pY-VATR) was
modificd by OspF oand the resulting  product
analveed by mass spectrometry, a mass decrease
of 98 dalton on the phosphothreonine residue

Fig. 1. Inhibition of mul- A
tiple MAPK pathways as

comparced with the control peptide was also
observed (Fig, 3C) Thus, upon OspF treatment,
the phosphothreonine residue i the TXY maonul
in both p-Erk and the phosphopeptide subsire
underwent a dehvdration reaction (18 dalon of
mass loss) in addition to the loss of a phosphate

downstream of MAPK ki-
nase by OspF in 2937 cells.
(A) Luciferase assays of
effects of OspF expression
on Erk1/2, INK, and NFxB
pathways. Erk12 and JNK

i
i i

activations were achieved
by coexpression of consti-
tutive active RasW12 and
Raclsl, respectively, and
NFwB was stimulated by
tumaor necrosis factor o
treatment. ¥, F, and )
denote vector, OspF, and
Yop), respectively. Error
bars indicate standard de-
viation. (B and €} Phospho-
specific immunoblotting D

assays of inhibition of 235 Rasvi2
MAPKs activation by OspF. {m

p-Erk, pINK, and p-p38 25
antibodies recognize the im

dual phosphorylated TXY §,5
motif (pT-%-pY¥} in Erk1/2, i.n

B Fiag-HA-OspF
HA-RasV12

Erki/2

INKL2, and p38, respec- 5
tively. HA, hemagglutinin. |

(D) Luciferase assays of Dllﬂ‘ -+
Ras-, Raf-, and MEK1-

v
sy Bey 20

Rasviz= 4+ + + Racldl

prErt/2 [

v [ —
RasV12

V-Raf
MEK1 ED

- +
- + +

induced Erk activation in the presence of OspF. v-Raf and MEK1 ED are constitutive active variants of Raf

and MEK1. Error bars indicate standard deviation.

MEKY and Erk1/2 in the presence of OspF.

Fig. 2. Immunoblotting analy-
ses of removal of phosphate
groups from Erk, INK, and p38
kinases by OspF in vitro. (A)
Effects of OspF on Erkl/2
activation reconstituted in the
cell-free extract system. Active
B-Raf protein was added to
activate Erk pathway in the
presence or absence of QspF,
(B) Effects of OspF on in vitro
recanstituted ErkZ phosphoryl-
ation downstream of Raf. (C)
Effects of OspF on Erk2 phos-
phorylation by MEKL in vitro.
(D) Selective removal of phos-
phate groups from the phos-
phothreonine residue in the
pT-X-pY motif in Erk2 in vitro.
G5T-p-Erk2 was treated with
OspF or MAPK phosphatase 3
IMKP3), followed by p-Erk and
a phosphotyrosine-specific an-

MEK1 ED +
GST-Erk2 =

(E) Phosphospecific immunoblotting of activation of

tibody (p-Tyr) immunoblotting. (E) Removal of the phosphate groups from p<)MNK and p-p38 by OspF in
vitro. (F} Phosphotyrosine immunoblotting of Myc-Erk2 modified by OspFin 2937 cells.
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group (80 dahon), The reaction of p-Ek2 wath
Ospl probably resulied i a C=C bond between
CH oand Ca in the side chan of the threoning
residue (Fig, 300, sugeestng that Ospl functions
as a phosphothreoming lvase that cleaves the
C-OP bond with the concomitant abstraction of
the a proton in the phosphothreonine residue in
p-Erk2. Furthermaore, this chemical modification
of p-Erk2 resulting from OspF phosphothreo-
nine lvase activity lod to a completely inactive
kinase both in vitro and in cells (fig. S3) In
addition, OspF-"dephosphorylated™ Erk2 could
o longer be rephosphonvlated by MEK I-ED
(fig. S4) Thus, OspF functions as a phospho-
threonine lyase, rather than a phosphatase, o
irreversibly inactivate MAPKs.

To gain further understanding of the OspF
phosphothreonine Ivase activity, we mutated 10
residues conserved i all the OspF o family
members (hg, 5340 These mutants had simular
expression and punlication profiles w0 those of
the wild-type protein, sugeesting that they were
folded comeetly. Most of the mutants retaned the
Erk2 phosphothreomme Ivase activily, wheneas
mutants of K'"—R'™ (K102R), H'™—A™
(H104A), and K™= A™ (K 134A) were large-
Iv mnactive (hg 55, A and B) These mutants
could still band to Erk (he. 52, A and C), sug-
pesting a functional importance for K102, IO,
and K134 A nonmdiwactive phosphatase assay
wis used 1o quantitatively measure the cneymat-
ic activity of OspF. OspF efficiemly removed
phosphate groups from the Erk2 phosphopepide
with a Michaclis-Menton constant (K,,) of 958 2
24 uM and a catalvtic rate constant (g, ) of
0.70 + 0.045 " (table $1). The KI02R, H1(4A,
and K134A muams were almost completely
inactive in the peptide assay (fig. S3C), Funther-
more, these mutants were also deficient in
down-regulating MAPK signaling when ex-
pressed in 2937 cells (fig. S6). Thus, K102,
H104, and K134 are probably essential for
OspF phosphothreomine lvase activity toward
MAPKs.

We then assessed the role of the phosphate
on the tymosme in pT-X-pY in the MAPK phos-
phothreonine lvase activity of OspF, When Erk2
(pT-X-pY) was tyrosine-dephosphory lted by
protein tyrosing phosphatase (HePTP), subse-
quent dephosphorylation by OspF was less ef-
ficient (fig. ST). Consistently, kinetic analysis using
the symhetic threonine-monophosphory lated
Erk2 peptide gave a higher Ky, value compared
with that of the dual phosphorylated Erk2 pep-
tide (1able S1). Thus, the phosphate on the tvro-
sine in the substraie probably contributes o
substrate recognition by OspF, Funther Kinetics
malysis using different peptide substrates
showed that Ospl was specific for the phospho-
threonine in the classical MAPKs (with TXY
motif), with the highest enzymatic activity
toward p38 (table S1).

SpvC, amember ol the OspF Bmily ol TTSS
elfectons from nontyphoid Safmenella strains, is
required for lull virulence and svstemic infection
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Fig. 3. The phospho-
threonine lyase activity
of OspF. (A) The mass
spectrometry analysis of
the molecular mass of
the tryptic peptide
(VADPDHDHTGFL-pT-E-
pY-VATR) from OspF-
treated p-Erk2. Different
peaks correspond to the
isotopic peaks of the
peptide. (B) Electro-
spray ionization (ESI)
tandem mass spectrom-
etry (MS/MS) spectrum
of the tryptic peptide
shown in (A). b and y

Mass: 2204.9 Da

100m4

B0
Fig Tar Big Mg

ions are marked in the o
spectrum. The amino oM
acid sequence of the

peptide is shown at top L

left, and TA marks the
OspF-modified phos-
phothreanine residue.
The fragmentation pat-

Ll

40

Arlilwn irinrcady

terns that generate the 3o
observed b and y ions

are illustrated along the e
peptide sequence. (C) o

MS/MS spectrum of the
OspF-maodified synthetic
Erk2 phosphopeptide
{DHTGFL-pT-E-pY-VATR).

Notations are the same as described in (B). Inlet shows the molecular mass of
the Erk2 phosphopeptide before (controll and after {OspF) treatment. a.u.,
arbitrary units. (D) Diagram of the chemical alteration of the phosphothreo-

Fig. 4. The phosphothreo- A B~ B
nine lyase activity of other pﬁfg Flag-HA-OspF
OspF family members. (A) & : 9 N -
Immunoblotti f PR = = =
mmunoblotting assays o 5? HA-RasV12 — 4+ + +
renoig Pl JoRs 2 I
from p-Erk2 by indicated P° _ Erki/2
OspF family members in Erk2 _
vitro. t, time. (B and O  y(min) O 30 30 30 30 30 QupfiBpvG
Phospho-Erk immunoblotling RasVi2
requla owr o ——
assays of down-requlation Flag-HA 5 B BT
of Erk (B), JNK, and p38 (O FlagHASWG — — + =— D
pathways by SpvC transfec- o RaclBl = + 4+ 4+ = 1 Veclor
tion in 2937 cells. The assay p-JNK _
was performed and the
results are presented simi- ..IHK_
larly as shown in Fig. 1, B p-p36 =
and C, respectively. (D) Lu- m_
ciferase assays of effects of
SpvC on Erk signaling aci-  0oro~C NN
vated by RasVi2 in 293T FAclE! | a———— OspF  SpvC
cells, Error bars indicate L —
standard deviation.
(14, 15). Recombinant SpvC efficiently re-  (heo = 1.94 + 0,05 5™ and Ky, = 28,5+ 0.5 uM).

moved phosphate groups from GST op-Erk2

(Fig, 4A) SpvC catalyzed the same enzymatic

conversions of the Erk2 phosphopeptide with
kinctics compamble o tha observed for OspF
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Similarly 1o OspF, overexpression of SpvC in
mammalian cells abrogated phosphory lation
and activation ol Erk 1/2, JNK, and p38 kinascs
(Fiz. 4. B 1w D) In addition, HopAlL a tvpe 111
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nine residue in Erk2 by OspF. OspF cleaves the C-OP bond with the
concomitant abstraction of the « proton, which results in a C=C bond between
the Ca and the C3 in the phosphothreonine residue in Erk2.

effector from plam pathogen Psoudomonas
sivingae (1), possessed the same in vitro
catalvtic activity as described for OspF oand
SpvC, using either p-Erk2 (Fig. 4A) or the Erk2
phosphopeptide as the antilicial substrate (£
0.70 + 0.02 s ' and K, = 132.1 £ 8.1 uM). Thus,
the entire OspF family of TTSS effectorns has an
in vitro phosphothreonine lyase activity,

To examine whether the type [l-scencted
OspF indecd tangeted the host MAPKs, we gen-
crated an OspF-deletion strain ol Shigelfa
flexmert 2 and performed an infection assay
{760, In contrast 1o a recent repon that analyecd
p=Erk1/2 at 3 hours postinvasion (/7) we
analyzed p-p38 at 30 min postinvasion, because
OspF was 8 times more active toward the p38
phosphopeptide compared with the Erk2 phos-
phopeptide (table S1). In addition, several studies
have suggested that OspF is only trnscribed for
2 hours afier bacteria invasion (&, /9. A higher
amount of p-p38 was observed in Hela cells
infected with the OspF-deletion strin of Sfigefla
comparcd with the amount in cells infected with
the wild-ype sirain (fig, S8A)L Funhermore,
reintroducing wild-type OspF, but not ihe
HI4A muant, into the OspF-deletion strain
lowered the amount of p-p38 in infected Hela
cells ( fig. SEB). Thus, MAPK is a potential tanzet

www.sciencemag.org



ol the phosphothreonine lvase activity of OspF
durng Shigedla mlection.

Phosphothreomine Ivase activity has not been
desenbed proviously, The closest enevme night be
the threonme synthase ( EC 4.2.3.1) in bactena and
plants, which uses a pyridoxal phosphate cofactor.
This cuevme convents O-phospho-L-homoserine
into threonine through an intermediate that has a
C=C" bond betwoeen the CP and the Cy. However,
OspF did not show any sequence identity with any
phospholyvise, ncluding threonine synthase, and
required no cofictors. This suggests that the OspF
family phosphothreonine Iyase has designed an
unusual mechanism for cnevme catalysis, To-
gether, OspF, SpvC, and HopAll define a family
of conserved pathogenic effectors with a unique
phosphothreonine lvases activity that probably -
gets the host MAPKs in pathogencsis.
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Archaeal Type lll RuBisCOs Function
in a Pathway for AMP Metabolism

Takaaki Sato, Haruyuki Atomi, Tadayuki Imanaka®

The type Il ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO)} present in the archaeon
Thermococcus kodakaraensis was found to participate in adenosine 5'-monophosphate (AMP) metabolism,
a role that is distinct from that of classical RuBisCOs of the Calvin-Benson-Bassham cycle. Genes
annotated as thymidine phosphorylase (dead) and eucaryal translation initiation factor 2B (e2b2) were
found to encode AMP phosphorylase and ribose-1,5-bisphosphate isomerase, respectively, These enzymes
supplied the RuBsCO substrate, ribulose-1,5-bisphosphate, from AMP and phosphate, Archaea with
type ll RuBisCOs all harbor both DeoA and the corresponding E2b2 homologs. In this pathway, adenine
was released from AMP and the phosphoribose moiety entered central-carbon metabolism,

ibulose-1, 5-bisphosphate  carboxylase-
Rm}-:,u:na:-ﬂ: (RuBisCO)y 15 presumed 1o

be the most abundant eneyme on our
planet () and s widely known as the key CO,-
fixing emeyme of the Calvin-Benson-Bassham
(CBB) evele, which is present i all plnts, algae,
cyanobacteria, and many other autotrophic bacte-
ria (2. F) Besides the classical wype 1 and 11
RuBiC0s of the CBB cyele, two groups of pro-
teins that are structurally related 1w the type 1 and
11 emzymes have been identificd and designated as
type U1 {4, 5) and type IV RuBisCOs (6, 7). Type
IV RuBisCOs, abo called the RuBisCO-like
profeins, lack several residues necessary for con-
ventional RuBisCO catalysis. Thus, type IV
RuBsCO from Becilfus subtiliv instead exhibits
2 3-diketo-S-methylthiopentyl-1-phosphate eno-
lase activity and operates in the methionine (Met)
salvage pathway in B sufeilis (7).

Department of Synthetic Chemistry and Biclogical Chem-
istry, Graduate School of Engineering, Kyoto University,
Katsura, Mishikye-ku, Kyoto 615-8510, Japan.
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The type L RuBisCOs are found only in the
Archaca, and they harbor all of the residucs
necessary (or nbulose-1, 5-hisphosphate (RulBP)
carbosylasc-oxygenase acivity. Proteins  [rom
Thermococens kodakaraensis (4, 810y, Metha-
nocaldococows fannaschi, Avcfacoplois foule-
elies, and other archaea (5, /1) exbubit RuBisCO
activity. However, a functional CBB pathway has
not been dentificd in Archaca, and archacal pe-
nome sequences do not support the presence
of a CBB pathway. In particular, homologs of
phosphoribulokinase, another Key cngyme of
the CBB pathway that supplics RuBP lor
RuBis(’0), cannot be found on the archacal ge-
nomes. Hence, we first investigated whether
archacal RuBisCOs were involved in Met sal-
vage, similar 1o type 1V RuBisCOs,

Many organisms use Met as a precursor for
polvamine elongation with concomitant genera-
tion of methvithioadenosine (MTA)L The Met
salvage pmthway is present in some bacieria and
eukarvotes and recyeles MTA 10 Met (fig. S1)
(12 1), Homologs of enevmes involved in the
conversion of Met to MTA are present on the
T, kelakaraensis genome (F5), Although homo-

logs of severl steps i the Met salvage pathway,
icluding three YkiS homoloes, are present,
YheX and Ykrd homoloes cannot be wdentified
on the T Eodakaraensis genome,

The absence of a conmplete M salvage path-
waty in 77 Beddafaraensis was conlirmed by exam-
ining a mutan that kacks the ability w synthesize
Met de novo. Two adjacent gences presumed 1o
cncode the components of Met synthase, menfd
(TK1446) and merE2 (TK1447), were dismuptod
{/6). The resulting strain, AmerE2/-1, displaved
the expected genotype (Apmrhy AmeifE21 )
and could grow only in the presence of exogenous
Met. The Amet£21-1 strain could not grow when
Met was substiuted with various concentrations
of MTA. We then disrupted the T kedabaraensis
(TEy BuBisCO gene (Fk-rhe) Dsell” and subse-
quently isolated the gene-disruption  mutan
(Arhe-1AA)L which indicated thmt Th-rfe is not
cacntial for erowth, We did, howeven consist-

ently obsarve a slight decrease i the cell vield of

Arbe-lAA as compared o the host strain when
cells were grown i nutnent-nch medium.

We then shifted our attention 1o the three
YhrS homoelogs present on the T kodakaraensis
penome and considered vanous possibilities for
the roles of these homologs, The three homo-
fogs, Th=-E2b 1 (5% identical with YkrS from
B subwifis), T&-E2B2 (32% identical), and Tk-
Ged2 (27% dentical). are members of the cu-
karvotic trnslation initiation {actor 2B (elF2B)

a8 family (7 7-F9) However, the functions of

the elF2B homologs in the Archaca are not
kivown. The A sufwilis YkrS is a member of this

family, and i catalyzes the isomerization of

methylthionbose  1-phosphate (MTR-1-P) 10
methylthioribulose | -phosphate (MTRu-1-P)
(71 We noticed strucwiral similantics  between
MTR-1-P and rbose 1.5-bisphosphate (R15P)
and between MTRu-1-P and RuBP. indicating
that these archacal IF2B (alF2B) proteins might
be fnvolved in the gencrmion of RuBP. The
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isormerization of RSP o RuBP also comeponds
o the reaction proposed 1o be responsible for
RuBP symhesis in methanogenic Archaca (20),

A phvlogencte tree was constructad with 49
alF2B homologs rom 27 archacal genomes. The
homologs composed several subgroups, and we
foumd that one branch (shaded in Fig. 1) included
homologs only from organisms harboring tvpe
I RuBisCOs, with the only exceplion being
AAG20059 from Helohacterion sp. NRC-1. The
biased distnbution did not comelae at all with the
phylogenctic relationships of the organisms them-
selves, The comelation prompled us 10 cxamine
cxperimentally whether there was a functional

homologs, which includes TE-E2b2 and wpe 11
RuBisCO,

The Th-e202 and Th-e¢2b] penes were ox-
pressad i Excheriolhio ooff and heat-treaed, An
initial examination of RuBP symhesis activily
from RI3P was performed using an R15P solu-
tion cnevmatically prepared with glucose 1.6-
bisphosphate (G 16P). nbose S-phosphate (R5P),
and phosphoglucomutase. Extracts containing
TE-E2b1 displayed only negligible levels of ac-
tivity that were cquivalent to those found in cx-
trcts from £ coff hatboring a mock plasmid,
pETZLal+ p{L00] 1o (002 amel min ' mg"' b I
contrast, although cxpression levels were sub-

containing  TE-E2b2 displaved levels of RuBBP-
synthestzing activity  that wene over 10 times
higher than those of TE-E2bl. Purified TH-E2b2
penerated RuBP from the RISP solution with
activity levels of 0.4 pmol min F my o Iigh-
performance liquid chronatography analyses con-
firmed that only RISP, and not GL6P or RSP,
was the substrate for RuBP synthesis (fig. S2).
In order to identify a protein tha supplics
RI5P we searched for genes that were spe-
cifically present in archacal strains harboring
type [T RuBisOO. This lod 1o the identification
of a putative thymidine phosphorylase gene
{dend). The only exception was Methanooocous

1004

relationship between this subgroup of alF2B

stantially lower than those of Th-E2bl, extracts

i

_.L :

|

miaripfuchiv, which harbors a dead gene but no

e M kandleni AAMO1550
A. parmix E.MT‘HEZ

thermautolrophicus AABBS3I3B
M stadtmanae YP_448050
P tomidus AAT42846
T volcanium BABGO41T
T. acidophilum CAC12337
r — M. nud.nn.'u:lfs CAF31174
- M. jannaschii Q57856
M. hungatei YP_502098
A fulgidus Q28877
— M. burfonii YP_566741
—— M. barkeri AAZTO00D
L M. mazei NP_B33395
M. acetvorans AAMOIS30
T. kodakaraensis BADBATAS
P horikoshi BAA2GTI3
P abyssi CABS0246
(] .ﬁ.lms-us AALB1473

-

P tormidus AAT43112

L
N pharaonis YP_326184

L i

I H. marismontui AAVATOTE

L

T. kodakaraensis BADBS236
P funosus AALBOSSS
—— P horikoshii BAA29526
— P abyssi CABS50496

Fig. 1. Phylogenetic tree of archaeal proteins annotated as members of the
alF2B family. alF2B family proteins present in the 27 complete archaeal genome
sequences were aligned with the ClustalW program available at the DNA Data
Bank of Japan, and a phylogenetic tree was constructed with the maximum-
likelihood method by means of PHYML (26, 27). The shaded branch harbors the
alF2B homologs from archaeal strains that possess a type Il RuBBCO. A. pernix,
Aeropyrum pernix K1; A fulgicus, Archoeoglobus fulgidus WC-16; H, marismorfu,
Hologreula marismortui ATCC 43049 M. jannaschi, Methanocaldococcus
janmaschii DSM2661; M. burtonii, Methonococcoides burtonii DSM6242;
M. maripaludis, Methanococcus maripaludis 52; M. kandleri, Methonopyrus
kandleri AV19; M. acetivorans, Methanosarcing acefivorans CZA; M. barker,

16 FEBRUARY 2007 WOL 315

A pemix
H. mansmortui AAV4E824
—— H. marnsmartul AAVA5345
Halobactenum sp. NRC-1 AAG19758

Methanosarcing barkeri str. Fusaro; M. mazei, Methanosarcing mazei Gol
OCMBS; M. hungotei, Methanospirillum hungatei JF-1; M. stodtmanae,
Methanosphoera stadtmanae DSMZ3091; M. thermautotrophicus, Methano-
thermobacter thermaufolrophicus AH; M. pharaonis, Natronomonas pharaoris
DSM2160; P. torridus, Picrophilus torridus DSM9790; P. aerophilum,
Pyrobaculum oerophilum IM2; P abyssi, Pyrococcus abyssi GES; P. furiosus,
Pyrococcus furiosus DSM3638; P. horikoshii, Pyrocaccus horikoshii OT3;
5. solfataricus, Sulfolobus solfataricus P2; 5. tokoddii, Sulfolobus tokodaii 7;
S, acdocaldarius, Sulfolobus acidocaldanius DSME3D: T kodakaraensis,
Thermococcus kodokaraensis KODL; T. addophilum, Thermoplosma acidophitum
DSM1728; T. volcanium, Thermoplasma volcanium G551,
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a RuBisO0  Table 1), DeoA is known 1o release
the thymine base from thymidine while phos-
phorvlating the 'carbon of the ribose moiety
(20 I DeoA could phosphorvlate nucleoside
monophosphates, this would genere R15P We

expressed the Th-dendd gane (TKO352) in £ ooff,
punfied the protein, and found that it produced
high levels of RISP in the presence of phos-
phate and adenosine 5-monophosphate (AMP)
{Table 23 Th-DeoA displaved a specilic activity

Table 1. Distribution of RuBisCO, alF2B, DeoA, and ADP-dependent sugar kinase homologs on
archaeal genomes. Shaded boxes indicate the presence of a homolog on the genome.

Haloarcula mansmortul

Type N alF2B Deoh ADP-dependent
Clgnism RuBisCO homolog® homalag sugar kinase
Aeropyrum pemix
Archoeoglobus fulgidus

Haolohacterivm sp. NRC-1
[Methanocaldecoccus jannaschii
I.Helhanncaccoms burtonii

lfdf!hﬂnacocms maripaludis

h{emmsurﬁm acetivarans
Luerhmnsmim barkeri

I.‘He thanosarcing mazei
I-ﬁe{harmspﬁuem stadtmanae
Iethanospirillum hungatei

IMemmomermubar:m
thermoutofrophicus

\Methanopyrus kandleri

Nanoarchaeum equitans

Natronomonas pharaonis

Picrophilus torrdus

Pyrobaculum merophilum
Pyrococcus abyssi

Pyrocococus furiosus
Pyrococeus horikoshii
Sulfolobus ocidocaldarius

Sulfolobus solfataricus

Sulfolobus tokodaii
Thermecoccus kodakaraensis
Thermoplasma acidophilum

Thermomasma volcdnium

*Homeologs included in the shaded branch of Fig. 1.

Table 2. Specific activities of Tk-Deof and Thk-E2b2. Synthesis of 3-PGA was not observed in the

absence of protein or substrate.

REPORTS I

of 22.3 pmol min " mg ! for the reaction AMP

Pi— RISP + adenine. The stoichiometric ratio of
the concentration of AMP consumed (| AMP con-
sumed ) and [adenine produced | was conlinmed
as 11 (hig. 83 The equilibrium constant K
(| R13P]|adenine] [AMP][Pi]) was 6.02 = 1073 -

046 = 107 a1 85°C. Using Th-DeoA, we were
able o synthesize large amounts of R15P and 1o 1est
the RI5P somerase activity of TE-E2b2 in the
presence of abundant substrate. We observed that
1.80 = 0.07 mol of 3-phosphoalyveerate (3-PGA)
were produced for every mole of RI5P con-
sumed when TH-E2b2 and TE-RuBisCO were
coupled at 83°C, stongly supporting a stoi-
chiometric mtio of [RI3P consumed |1 3-PGA
produced| = 1:2. TE-E2b2 exhibited a specific
activity of 32.3 umol min ' mg " for the reaction
RI5P — RuBP (Table 2),

The protein propesed 10 catalyae the Bomen-
wation between B3P and RuBP in M. janmaschii
s the product of MJGOT, but the recombanamt pro-
lein does not seem 1o be active in vitro (20), Like-
wise, the MIOGOT homolog in T bodakaraensis
[ Th=trid, TROA34) was expressed m E. colf and,
again, activity was not detected, This mdicates
that at least in T kodubaraensis, TR-E2B2 s the
cneyme primanly responsible for RuBP synthe-
sis from R15P.

Our results showed that in T kodakaracnsis,
a putative thymidine plosphorylase is aciually
an AMP phosphorylase. whereas an alF2RB
homolog is achally a R15SP jsomemse. Bocause
the Archaca possessing a type [l RuBisCO are all
anacrobic, it is most likely that only the curboxyl-
e activity of RuBisCO, and mot the oxygenase
activity, is biologically relevant in these strmins.
Thus, TE-DeoA, TR-E2bZ, and the RuBisCO con-
vert. AMP, phosphate, COs, and 130, respec-
tively, o adenine and two molecules of 3-PGA
{Fig. 2). This pathway hence salvages the ade-
nine base of AMP and divens the ribose modety
into ceniral-carbon metabolism.

Many of the Archaca that possess this patlway
are organisms that use adenosine 5'-diphosphate
(ADP}-dependem (AMP-fonming) sugar Kinases
for glyveolysis (22, 23). These cneynwes would
produce a larger ntracellular pool of AMP as
compared with organisms  possessing classical
ATP-dependent kinases. Because the product of
the pathway, 3-PGA, can be uscd for ATP
generation, the pathwiay may enable anacrobic
Archaea to use AMP when energy levels are
bow and/or intracellular AMP is in excess. In
A. filgieles, which does not harbor ADP-dependen
sugar kinases, the pathway may be mvolved i the
conversion of the AMP penerated by adenosyl-

Protein Substrate [umls:l:lfcmagﬂl:?l:mtei ) phosphosultate  reductise (24) during sulfiae

recuction.  Anodber possibility s thar AMP s

Tk-Deoh AMP 22302 produced from S-phosphoribosyl 1-pyrophosphate

GMmP 0.01 (PRPP) by adenine phosphoribosyltransferase,

cMp 0.14 £ 0.01 whose homolog is present in T, kedakaraensis,

ump 0.06 + 0.01 This reaction would recvele the adenine mole-

TMP 0.01 cule released by Th-DeoA and also complete a

Tk-E2b2 R15P" 323 =04 cvelic pathway composed of (i) pentose synthe-

*Produced with Th-Deadl, si5, (i) conversion of PRPP 10 3-PGA, and (iii)
www.sciencemag.org  SCIENCE VOL 315 16 FEBRUARY 2007
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Gluconeogenesis
NHz U
Hz0IPOCH: ”I:: HIOIPOCH: CH:OPOsH:
o Tk-DeohA o Tk-E2b2  C=O Tk-Rubisco COOH
—— =  HCOH COH
18’8 Qmm HEOH R
OH OH Pi  adening OH OH CH:DPOaH2 COz, H:0
AMP ribose 1,5-bisphosphate ribulose 1,5-bisphosphate 3-phosphoglycerate
Ribose- Ribulose- ﬂ
AMP phosphorylase 1,5-bisphosphate 1,5-bisphosphate
isomerase carboxylase
Glycolysis

Fig. 2. A metabolic pathway composed of homologs of DeoA, alF2B, and type Il RuBisCOs,

comversion of 3-PGA 1o fructose 6-phosphate
(gluconcogencsis) [ the non-oxidative branch
of the pentose phosphate pathway were o be
responsible for pentose synthesis, the eyelic
pathway would constitute a COy fixation path-
way (fig. 541 Ahthough their genome sequences
are not available, there are several awotrophic
strains in the Crenarchacota that exhibit RuBisCO
activity despite lacking  phosphoribulokinase ac-
tivity {23),

Type 1T RuBisCOs seem (o have a Tunction
distinet from tha of the classical RuBisCOs in
the UBB pathway of Sacterde and  Ewcara,
When considering that the organisms harboring
tvpe [ RuBisCOs represemt relatively deep and
short lineazes in evolution, it may well be that
the carboxylase activity of RuBisCO onginally
evolved w function in this pathway.
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Cadherin-11 in Synovial Lining
Formation and Pathology in Arthritis

David M. Lee,* Hans P. Kiener,* Sandeep K. Agarwal,* Erika H. Noss,™ Gerald F. M. Watts,**
Osamu Chisaka,® Masatoshi Takeichi,® Michael B. Brennert

The normal synovium forms a membrane at the edges of joints and provides lubrication and
nutrients for the cartilage. In rheumatoid arthritis, the synovium is the site of inflammation, and it
participates in an organized tissue response that damages cartilage and bone. We identified
cadherin-11 as essential for the development of the synovium, Cadherin-11-deficient mice have a
hypoplastic synovial lining, display a disorganized synovial reaction to inflammation, and are
resistant to inflammatory arthritis. Cadherin-11 therapeutics prevent and reduce arthritis in mouse
models. Thus, synovial cadherin-11 determines the behavior of symovial cells in their
proinflammatory and destructive tissue response in inflammatory arthritis.

adberin adhesion molecules are a fam-
‘ ily of integral membrane proteins that
contain fve immunoglobulin (Ig)-like
extracellular (cadherin) domains rigidified as

16 FEBRUARY 2007 VOL 315 SCIENCE

an extended chain by interdomain calcium hind-
ing [reviewed in (1, 23], Cadherins mediate cel-
lular adhcsion by binding a cadberin of the

same wype on an adjacent cell via interactions of

the extrmcellular N-termunal Nirst cadhern
domains. During ¢mbryonic development.
cadhenns provide the basis for cell soring,
aggregation, and tssee morphogenesis (/-3).
Postnatally, cadhenins provide cell-wo-cell adhesion
within tissues, contributing 1o the maintenmee of
tissue imtegrity and architecture (3, 4). Knowing
these activities of cadbenn proteins, we hypothe-
sizad that a mesenchymal cadhenn may unction
to provide cell adhesion w onganize the synovial
membrane.
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The svnovium consists of a liming laver con-
taining Nbroblasts and macrophages that over-
lies a sublining layver of loose connective tssue,
Using immunohistochenmcal stamimg, we lound
that the condenscd himing laver of synoviocyies
in healthy mice expresses cadherin-11 (Fig. 1, A
and B). In a strain of mice that develops spon-
tancous autommmune arthniis (K/BxN) (5. 6),
marked cadherin=11 expression was scen on
cells with fibroblast morphology in the syn-
ovial lining and in the synovial pannus, a path-
ological outgrowth of synovial tissue derived
from fibroblast-like synoviecytes (FLS) (Fig.
1, C and D). Panicularly intense staining of
cadherin-11 was also noted in FLS within the
pannus adjacent to bone and cartilage.

[o define which sypovial cellular lineages
cxpress cadberin-11, we used multicolor eyvtofluo-
romeine staming of feshly disaeereeated  joon
tssues, usmg a newly genermed  monoclkonal
annbody (maAb) 10 cadbenn-11 (ani-cadhenn
TUpihe Sy and CDE5 (anni-CD45) (a0 marker of
bone mamow-denved cells). Consistent with ns
expression on the FLS hneage i humans (7).
we observed that cadhenn-11 wdentifies a swvn-
ovial population distinet from that identilied
by CD45 (Fig. 1, E and F). These findings
were confirmed biochemically by Muorescence-
activated cell sorting (FACS) solation of CD45
or cadherin-11-expressmg subpopulatnons, West-
e blotting of these sorted cells demonstrated
no detectable cadberin-11 expression on the
CD45" subpopulation (Fig. 1G). Previous studies
have demonstrated that fibroblasis lining the
syiovium express CD5E5 (8). In our analyses,
CDAS expression was seen on about hall” of
cadberin-11" cells in artbritic joinis (fig. 52).
adherin-11 CXPICSSION On culred FLS, with
the use of cell surface biotinylation and immuno-
procipitaton with anti-cadherin 11, revealed the
anticipated protein species of molecular weigl
110,000 from wild-type FLS but not from FLS
denved from cadhberm-11-deficient mice (Fig. 1,
H o I} (%), In addition, because cadhenins
associte with ovtoplasmic f-catenin, we per-
formed mulocolor immunofluorescence micros-
copy and ound colocalizanon ol cadhenn-1 1 with
f-catenin in adberens junctions, specifically @t
sites of cell-to-cell contact betwemn FLS (Fie 1,
K 1o M) By means of a cell-to-substrate
adhesion assay (1), the ability of FLS derived
from ecither wild-type or cadhenn-| [-deficient
mice was assessed for binding 10 recombinant
cadhenn-11-Fe. Wild-tvpe FLS demonsirated
robust adhesion o cadherm-11-Fe, whercas
cadherin-11-deficiemt FLS failed 1o adhene
(Fig. IN and fig. 51). These studics demon-
sirate cadherin-11 expression in murine svnovi-
al fibroblasts, the localizaton of cadherin-11 w
adherens junctions, and the role of cadhern-11
m hulnupl:“ir adhesion by sy 1l fibroblasis,

The funciional contribution of cadherin-11
to synowvial fibeoblast crganization in synovial tis-
sues wis next explorad. When compared 1o wild-
tvpee svnovium, cadherim-11-deficient synovium
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Fig. 1. Synovial fibroblasts express functional cadherin-11. (A and B} »
Normal synovium stained with either control (A) or anti~adherin—11 (B _

antisera. Magnification, 650, {C and D) Arthritic KBxN synovium. Synovial 1';1'
pannus invading cartilage stained with either control (C) or anti-cadherin— i "
11 (D) antisera i shown. There is intense cellular reactivity at the bonef _%w
pannus interface. P, pannus; C, cartilage; B, bone. Magnification, 400=. (E #

and F) Cytofluorometric staining of disaggregated arthritic joint tissue (26) B
stained with isotype controls (E) or anti-cadhenin—11 and anti-CD45 (F) [

L G 11l

identifies distinct cellular subpopulations in joint tissues. (G} Biochemical
analyss of FACS-sorted synovial subpopulations. Dispersed arthritic joint tissues were labeled with either
anti-C045 or anti-cadherin—11 and sorted by means of FACS. Lysates of these subpopulations and
presorted cells were analyzed by Western blot for cadherin-11 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression. There & an absence of detectable cadherin-11 expression in CD45-
expressing cells. (H and 1) Cytofluorometric staining of cultured FLS. FLS derived from wild-type (WT) (H)
and cadherin-11—null {1} mice and passaged five times were stained with an anti-cadherin—-11 mAb (gray
fill, isotype control (dashed line), and an antibody o major histocompatibility complex class | (solid ne).
{1} Immunoprecipitation of cadherin-11 from cultured FLS. WT and cadherin-11-null FLS were surface
biotinylated, lysed, and immunoprecipitated with sotype control Ig (IgG1) or anti-cadherin—11 (15F7 and
SB2HS). (K to M) FLS express cadherin-11 in adherens junctions. WT FLS were fixed and stained with anti-
cadherin=11 (K} and anti-fi-catenin (L} (71). The colocalization of cadherin-11 and P-catenin [(M),
merged image] at sites of cellular interface is in a pattern consistent with that of adherens junctions,
Magnification, 1000=. (N} Cadherin-11 mediates homaophilic adhesion in FLS. WT and cadherin-11-null
FLS were allowed to adhere to substrate cadherin-11-Fc in a cell-to-substrate adhesion assay (10). The
homaophilic adhesion of WT FLS to cadherin-11-F«¢ & absent in cadherin-11—null FLS. Error bars indicate
SEM.
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demonstrated marked hypoplasia of the synovial
liming, with decreased svnowvial lining compaic-
tion and reduced membrane folds (Fig, 2, Ao
) A primary function of FLS is the ¢lab-
oration of extracellular matnx (ECM). Using
Masson's trichrome stain o highlight ECM,
we found that the dense ECM of the synovial
lining, apparcnt in wild-type mice, was marked-
Iy amenuated in cadherin-11-null miee (Fig. 2,
D and E). Thus, we conclude that cadherin-11 is
necessary for cellular organization, compaction,
and matrix clabormtion of the synovial lining
in vivo,

To further confirm the mole of cadherin-11 in
svnovial tissue organtzation, we used a three-
dimensional (3D} synovial micromass organ
culture system in vitro (g, S3A) (1), Single
cell suspensions ol wild4type and cadbenin-1 1
null FLS were dispersed in a sumogite ECM,
and synowviocyte capacity for lining laver fomma-
fon wis assessed, Wikd-tvpe FLS establish a
condensed liming-like structure @ the matrix/
media anterface with marked siomlarty o that
seen n the synovial hmng ot the synovial ud
imtertace in vivoe (Fig, 2FL In contrast, cadhenn-
I-null FLS micromass cultures failed w0 de-
velop himing condensation or compaction {Fiz,
203} Thus, this m vitre model of synovial tissue
function contirms that ining layver compaction 1s
an inherent feature of synovial (bmoblast behav-
ior that relies on cadberin-11,

We next examined the role of cadherin-11
in synovial fibroblast behavior in the K/BxN
serum transfer model of autoimmune inflam-
matory arthritis. In this model, passive transfer
of arthritogenic autoamibodics elicits a distal
symmaric crosive polvanhritis with pathology
medinted by immune complex brmation, comple-
ment activation, mycloid lincage cell activation,
and elaboration of eytokines imedeukin-1 and
tumor necrosis factor (TNF)Y (5, 6, f2-13),
Administration of anbritogenic K/BxN serum re-

vealed a measurable resistance 1o climaal ar
thntis i cadherin-11-null mice (Fig. 3, A and
B Indecd, pooled data for the climical index
from these mice demonstrated an average
50% reduction of clinical arthntic activity in
cadherin-11-null mice. This reduction suggests
that cadherin-11 expressed on fibroblasts can
substantially influence the severity ol pathology
in anhritis.

As in theumatoid anhritis, murine models of
inflammatory anthritis display  hyperplasia  and
outgrowth of synovial tissue composed of syn-
ovial fibroblasts (pannus tissuch. The pannus
attaches 1o and migrates over bone and canilage
surfaces, locally invading and destroying these
structures (/6). Examination of inflamed joint
tissue architccture from wild-tvpe and cadberin-
11-null mice demonstmated that the typical con-
densed hyperplastic symovial lining architecture
in mtlammatory arthnns s largely absent
cadhenn- 1 -deficient mice (Fig. 3, C amnd D).
Rather, the synovial architecture in cadherin-11
deticient mice was chaotie and loosely oreaniecd.

The 3D mmcromass organ culture provades a
means of analveing selected mewrs that mod-
ulate synovial Nbroblast function in a simplified
model of the complex svnovial microcnyiron-
ment. Wild-tvpe and cadhenn=11-null svnovial
micrimass onean cultures wene stimulated with
TNF, a potent inflammatory eytokine implicated
in rheumatoid anbrtis. In contrast o the dm-
matic ultmstructural changes in wild-type cul-
tures, which are characterized by surface lining
cellular accumulation and condensation, only
modest changes were apparent in cadherin-11
deficient synovial micromass organ culiures
(Fig. 3, E and F).

The results thus far suggested that cadhenn-11
might be a potentially useful therapeutic target.
To examine this, we used a cadherin-11-Fe fusion
protein and an anti-cadherin- 11 mAb. Similar to
the cadberin-11-mull phenotvpe, administra-

Lining colis'HPF M

Fig. 2. Cadherin-11 regulates synovial lining architecture. (A and B} Hematoxylin and eosin (H&E)-stained
sections of synovia from WT (A} and cadherin-11-null (B) mice. The hypoplastic synovial lining in cadherin-
11-null mice lacks the characterstic synovial lining cellular compaction (1 to 3 cells thick) that is evident
in the WT synovium. L, synovial lining; 5L, synovial sublining. Magnification, 200:. (€ and D} Cadherin-11
regulates ECM architecture in vivo. Masson’s trichrome stains of synovia from WT (0} and cadherin-11-null (D)
mice are shown. The hypoplastic synovial cellular lining (red) and markedly attenuzted condersed ECM (blue) in cadherin-11-null mice as compared to those of the WT
synovium are shown. Magnification, 200x. (E} Synovial lining cell density. Lining layer cells per high power field (HPF) (100 uM?) were enumerated in WT (squares)
and cadherin-11—null {triangles} mice. Individual results, mean, and SEM are provided. n = 11 mice per group; P < 0.0001. (F and G} Micromass organ culture
lining compaction. WT (F} and cadherin-11-null (G} FLS were placed in micromass organ culture for 21 days (11) and were fixed, sectioned, and stained with
HEE. The cellular condensation and lining formation behavior evident in WT FLS [arrow in (F] and markedly attenuated in cadherin-11-null FLS [arrow in (G)]
are shown. Magnification, 400x. Data are representative of five independent experiments.
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thon of cther reagent ameliomted K/BxN seram
transier artheitis activity i wild-type miee (Fig.
3. Goand F). To examine a robe for cadherin-11
in ongoing nllammatony anhiritis, we assessed
its ability 10 reduce established discase, Beciuse
the K/BxN scrum transfer model of anhritis is
rpid and sclt-limited, we used a varation of
this model, administering arthntogenic serum
weekly w0 drive persistent synovitis (Fig. 31).
Alter allowing at least 2 wecks ol active ar-
thritis. we administered anti-<cadherin-11 or iso-
type control treatments for a period of 10 days
and cxamined arthritis clinical responses (Fig. 3,
1 and J). Similar to our obscrvations in prevent-
ing acute arhntis, we tind that anti-cadberin - 11
displayvs moderate ameliomtion ol cstablished
arthritis. These observations provide cvidence
that cadhenin-11 contributes to the regulation of
arthntic tsswe responscs i both acute and
chromic synovitis,

The abulity of FLS 1o migrate and mvade
through ECM 15 a potentially imporam fea-
ture of tssue remodeling that forms the hyvper-
plastic Tming and accomplishes erosion o
sartilage. Cadherins and especially mesenchy-
mal cadherins, like cadherin-11, are known 10
mfuence cell mizration and invasion (7). To
gain further isight into the cadherin-11 regu-
lation of FLS functon, we performed migra-
tion and invasion assays through ECM-coated
transwells. Although cadherin-11-null FLS dis-
play similar basal migratory activity to that of
wild-type cells, their inducible migrtory capacity
was attenuated (Fig, 4A). Examination of platelot-
derived growth factor (PDGE)-stimulated ECM
imvasive capacity revealed a diamatic deficit in
cadhernin-11-null FLS, which displayved only
-25% of the imwasive activity of wild-type cells
(Fig. 4B8). These observations prompicd us 1o
cxamine cantilaze and bone erosion in the in-
flammatory arthritis model in vive. Indeed, svi-
ovial tssue attachment to, migration over, and
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invasion imto cartilage were markedly dimimshed
in cadherin-1 1-deficient mice, Wild-type svnovial
pamus caused  ull-thickness camilage erosion,
whereas cadberm- 1 - null synovial pannus stopped
at the cartilage edee (Fie 4, C and D, black
arrowheads). Quantification by histomomphomet-
ric methods confimmed an 80% reduction in
cartilage crosion in cadhenn-11-deficient mice.
By comparison. bone crosions, which are prinur-
ilv dependent on ostooclast function ( £8-20), were
cvident to a similar degree in both wild-tvpe and
cadherin- [-null mice (Fig. 4E).

These studics suggest that, in healthy  mice,
cadherin-11 dircets the establishment and mainte-
mance of the nrommal synovial lining by confer-
ring on FLS an ability to form cell-to-cell

Fig. 3. Cadherin-11 modulates synovial tissue
response in arthritis. (A and B} Cadherin-11—null
mice are resistant to inflammatory arthritis. WT and
cadherin-11-null mice were injected with arthrito-
genic K/BxM serum, and clinical index (A} and
changes (A) in ankle thickness (B) were recorded
over 2 weeks (6). Pooled results from 24 (WT) or 26
icadherin-11-null mice from four independent
experiments (P < 0.0005) are shown. (C and D)
Synovial architecture in inflammatory arthritis.
Masson's trichrome—stained ankle sections from
arthritic WT (0 and cadherin-11-null (D) mice
demonstrate synovial lining hyperplasia (red) and
dense ECM deposition (blue) in WT mice, In contrast,
cadherin-11-null inflamed tissues demonstrate
chaotic cellular organization within a minimal ECM.
Synovial effusion in joint space is labeled. Magnifi-
cation, 400x. (E and F} FLS lining architecture in
vitro. WT (E} or cadherin-11-null {F) FLS micromass
organ cultures {11) were exposed to TNF (10 ng/mil)
for 21 days. The high degree of lining condensation
and lining layer formation evident in WT FLS (E} is
markedly aberant in cadherin-11-null FLS (F).
Magnification, 400:. Data are representative of
three independent experiments. (G to ]} Cadherin-
11 biotherapeutics ameliorate inflammatory arthritis.
WT CSTBLE mice were injected with arthritogenic
K/BxN serum [blue triangles in ()] and co-injected
[(Gh and (H)] with control Iy (open squares) and with
either cadherin-11-Fc [(G), solid triangles] or anti-
cadherin=11 [(H), solid triangles] administered with
a loading dose (0.5 mg) followed by maintenance
dosing (0.1 mg) every 48 hours. Pooled results from
18 (cadherin-11-Fc) and 10 (anti-cadherin—11)
mice are shown from four and two independent
experiments, respectively. P = 0.003. For treatment
studies [(0 and )], control lg lopen squares) or
anti-cadherin—11 [{H), solid triangles] were
administered for 10 days alter allowing at least 2
weeks of arthritic activity. Results representative of
two independent experiments (I} {n = 5 mice per
group) and pooled treatment results () (n = 10
mice per group; P = 0.0027) are shown. Error bars
in (A), (B), and [(G) to ()] indicate SEM.
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adhesion and compaction, s well as a capacity
1o produce ECM (Fig. 20, In the comtext of in-
Mlammatory  arthritis, in which the synoviom
undergoes organized pathologic changes, mes-
enchymal lincage FLS comnbute o these dm-
matic changes in the synovial lining (2/-24). In
cadhenin-1 1-deficient mice, the synovial lining
and synovial pannus tissue appeared architce-
turally aberant and chaotic (Fig. 3, C and D),
underscoring the mole of cadbenin-11 in fibro-
blast panticipation in the organized pathological
synovial lining hyperplasia and pannus tissue
destruction of cantilage in inflammatory arthritis.

The data suggest that cadherin-11 influences
both the degree of inflammation (Fig. 3, A and
B and G and H) and the organized pathologic
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response of the svnovial tissue in esponse 1o
arthntogemic K/BxN serum transfer (Fig, 4, O
and E). In rheumatoid arthritis, the FLS pop-
ulation demonstrates a matabolically  active,
secretory state (23, Stumulation of FLS cn
induce seeretion of a number of proinflammatory
mediators that have been postulated o amplify
and perpetuate synovial inflammation. Our find-
ings sugpest that cadberin-11 influences FLS
participation in the synovial inflammatory reac-
tion, in addition to s mle in tissue ranodeling
and canilage invasion. These insights identify
previously unappreciated mechanisms goveming
the behavior of the joint lining and reveal the
central role of a synovial eadberin in detenmining
the behavior of the resident synovial mesenchy-
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Fig. 4. Cadherin-11 regulates FLS
invasive activity and cartilage ero-
sion, (A and B} FLS migratory and
invasive activity. FLS migratory ac-
tivity was assessed in fibronectin-
coated & M transwell chambers
{17} in the presence of basal media
or stimulatory fetal calf serum (FCS)
(5%%) or PDGF. Invasive activity of
WT (white bars) or cadherin-11-
null (black barsh FLS was quantified
in Matrigel ECM-coated transwells
(17} in either basal media or PDGF
(25 or 50 ng/mll. Mean = SEM of
quadruplicate counts from triplicate
wells, representative of two inde-

pendent experiments, are shown. *, P < 0.01. LPF, low power field,
10x= objective, (€ and D) Cartilage and bone erpsions in vivo.

Representative arthritic ankle joint tissues fram WT (O and cadherin-

11-null D) mice demonstrate pannus erosions into bone (white arrowheads) and cartilage (black arrowheads).
Synovial tissue grows up to but then abruptly stops at the cartilage edge in arthritic cadherin-11-null mice [black

arrowheads in (D). Magnification, 200, (E} Histomorphometric quantification of bone and cartilage erosions in
ankle tissues from WT and cadherin-11-null mice (27). There is a decrease in cartilage erosions in cadherin-11-null mice. Results are pooled data from 24
(WT) and 26 (eadherin-11—null} mice from four independent experiments. P < 0.0001. Error bars represent SEM,
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Spectrometer

light sources and detectors.

www.sciencemag.org/products

Model 248/310 spectrometer is a tool for scientists developing new pulsed and tunable
x-ray laser sources. It can detect laser harmonics over the 4 eV to 1.2 kel energy range.
It bridges the gap between diffraction grating instruments and dedicated x-ray instru-
ments. Model 248/3106 is suitable for work in the 107 torr vacuum range. An ultra-
high vacuum version is available for work in the 107 torr vacuum range. An assort-
ment of diffraction gratings is available to match the experimental region of interest.
The 248/310 complements the McPherson line of vacuum-capable spectrometers suit-
able for lower energies and longer wavelengths. It features clean stainless steel con-
struction and compact design that works well with a variety of laboratory discharge

McPherson For information 800-255-1055 www.McPhersoning.com

Specialty Amino Acid Derivatives
Activotec offers a wide selection of amino acid
derivatives, The comprehensive product line cov
ers the full range of standard protected amino
acids and hundreds of unusual amine acids as
well as Boc, Fmoc, and Chz N-protected amino
acids, The line includes activated amino acids,
such as acid chloride, N-hydrosysuccinimide,
and pentaflurophenyl ester, as well as a wide
variely of amino esters and amides,

Activotec For information +44-208-546-0849
wwwLactivotec.com

Thermostable DNA Ligase

Ampligase Thermostable DNA Ligase for liga-
lion-dependent mutation screening applications
is derived from a thermophilic bacterium. It is
slable and active at higher temperatures that T4
DNA ligase. With a hall-life of 48 hours at 65°C
and more than 1 hour at 95°C, Ampligase Ligase
permits extremely high hybridization stringency
and ligation specificity.

Epicentre Biotechnologies For information
800-284-84 74 www.EpiBio.comMmpligase.asp

Laser Scanning Multiphoton
Microscope

The LS8 5 MP is a laser scanning microscope con-
figured for multiphoton microscopy that offers an
excellent price’performance ratio. Efficient coat-
ings on the optics ensure minimal power losses of
the directly coupled femtosecond lasers, Leading-
edge filter technology provides ellicient suppres-
sion of the exciting light with simultaneous sensi-
live detection. Objective lenses adapted to the
needs of multipheton microscopy and featuring
optical correction in the near infrared (IR) spec-
tral range allow the optimum use of different IR
excitation wavelengths, also in ranges of more
than 1000 nm. Because these wavelengths
enable even greater depths of tissue penetration

www sciencemag.org SCIENCE VOL 315

thanks to lower absorption and scatter, their use
in multiphoton microscopy is panticularly benefi-
cial. The W Plan-Apochromat objective lens with
20 magnification at a numerical aperture of 1.0
and a working distance of 2 mm is suitable for
electrophysiology combined with multiphoton
microscopy. It allows the imaging of larger areas
of the specimen with excellent resolution and
light-collecting efficiency.

Carl Zeiss Forinformation 914-681-7627
WWIW.ERES.C0M

X-ray Diffractometer

The MiniFlex Il benchlop x-ray diffractometer
offers compact design, portability, and simple
installation. With dimensions slightly larger
than a personal computer, the MiniFlex Il incor-
porates lechnology usually reserved for larger,
more expensive systems, A variable incident
beam slit and diffracted beam monochromator
make it suitable for a wide range of applica
tions, including phase identification, quantita-
tive analysis, crystallinity measurement, and
structural characterization. The system includes
all data analysis and other software in a com
plete turnkey package.

Rigaku For information 281-362-2300

www. Rigakw.com

Enzyme Labeling Kits

The HOOK HRP Plus Labeling Kit allows
researchers to directly label enzymes with horse-
radish peroxidase (HRP. This kit makes use of an
amine-reactive activated HRP that offers =90%
coupling efficiency, which is superior to the com-
maonly used glutaraldehyde-coupling chemistry.
There is a higher abundance of amines, com-
pared to free sullhydryls, allowing for a greater
degree of labeling.

G-Biosciences/Genotech For infarmation
BO0-62 8-7730 www.GBiosicences.com

Incubators

The ProCulture 150UV Incubators offer perform-
ance, ease of use, and fail-safe reliability even in
demanding cell culture applications. The ultravi-
olet UV} sterilization source reduces decontami-
nation time to 30 min, enabling the system to be
ready for operation with minimal interruption.
Microprocessor control and monitoring of tem-
perature, humidity, and carbon dioxide concen-
tralion ensure thal aptimal conditions for cell
growth are maintained. A rear wall plenum air-
flow distribution feature ensures that conditions
in the entire chamber are stable and uniform.
High relative humidity maintains oplimum
osmotic pressure in the cells, which is particu-
larly suitable for long-term cultures.

SP Industries For information 800-523-2327
wiww.SPindustries.com

For more information visit Product-lnfo,
Science's new online product index
at htip: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 maore
information,

« Link directly to vendors Web sites,

MNewly oHfered instrumentation, apparatus, and laboratory
malerials of inlerest to researchers in all disciplines in academic,
industrial, and gowernment organizations are featured in this
space. Emphasis is given io purpose, chief charadleristics, and
availabibity of products and materials, Endorsement by Scence
or AAAS of any producis or materials mentioned is not implied.
Additional information may be obtained from the mamdacturer
or supplier by visiting wew.science. babvelocity.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
Department of Biochemistry and
Muolecular Biclogy

The Department of Biochemistry and Maolecular
Biology, School of Medicine, Southern Hlinois
University Carbondale (SIUC), invites applications
for a tenure-track position as an ASSISTANT
PROFESSOR to start July 1, 2007, Modest teach-
ing responsibaliies in departmental and medical
school curnculums may incdude biochenustry, mo-
lecular biology, and/or medical biochemistry. The
position enails a cross-appointment in the Simmaons
Cooper Cancer Institute. We seck a andidate with
an carned M.D, or Ph.I). in life sciences or related
arca with expericnce i cancer rescarch with an em-
phasis on understanding the molecular basis of cell
evele control, ecllular development, sgnal ransduc-
tion, or transcriptional regulation. Two or morne
VEArs of postdocroral expericnce 1_ws;li:ﬂ¢d. Progmise
of a strong and cxternally funded rescarch program
required. Salary based on education, experience,
and established School of Medicine guidelines
Mease send curniculum vitae with a statement of re-
search objectives and the names of three references to;
Dr. Joseph C. Schmit, Chair, Department of Bio-
chemistry and Molecular Biology, School of Med-
icne, Neckers Building, Mail Coxde 4413, Southern
Ilinois University Carbondale, 1245 Lincoln
Dirive, Carbondale, IL 62901; ¢-mail: pchmive
stumed.edu. Applications review wall begim Apnl 1,
2007, and contnue until the position is filled, Si0c
i am Egual Oppomipity/ Affimnative Action Enployer tar
strives o cirlanee its ability fo develop a diverse facmilty ard stafl
mnd to fnrease it patential fe senw a diverse student popie-
farivar. AN applicaions ave welronred and enconsrped and wall
ety constderativer, This &5 @ secnntysgeruitior position.  He

fore amy offer of enploymnent is made, the Untversiiy will con-

duet @ pre-employment inveimgation wtuch includes @ afanimal

tackyraund ook,

ASSISTANT PROFESSOR
Division of Besearch
Department of Pathology
Louisiana State University School Health Sciences
Center, Shreveport

The Division of Rescarch within the Department
of Pathology at Louisiana State University Health
Scwnces Center, Shreveport, 18 secking apphaants for
a tenure-track appointment at the Assistant Pro-
fessor bevel, This position B open (o mdividuals
possessing ['h.D., M.D., or M.D.-Ph.D. degrees.
The ideal candidate should have cxpertise in one or
more of the following arcas: molecular/cell biology
of extracellular marrix molecules, angiogenesis, cell
adhesion and signaling, and Sor vascular wall pathol-
ogy. Applicants with expertise in the abowve arcas
cspecially in the congest of diabetic complications are
particularly encouraged to apply. The sclected can-
didare will have limited personal teaching /clinical
respansibilities, primanly defined by his/her inter-
csts and traiming. Applicants should submit curnicu-
I vitae, list of at leass three references, and a bricf
description of rescarch interests and direction by
March 30, 2007 to: Kevin McCarthy, Ph.D., Prof.,
Department of Pathology, Louisiana State Uni-
versity Medical Center in Shreveport, 0. Box
33932, Shreveport, LA T1130. Lowisiana State L

verstiy Medical Center @2 an Affinnative Action Employer,

The Collesge of Life Saence at Fupian Nomal Um-
versity, China, invites applications for tenure-track
faculty positions ar ASSOCIATE PROFESSOR
and PROFESSOR level. Individuals expertised in
the arca of developmental biology, cell biology, neu-
robiology, and mirobilogy are encouraged to
applv. The positions offer an attractive starmup pack-
age and exgellenmt laboratory space, Candidares
should have a Ph.Db., suitable postdoctoral rescarch
experience, and an ability 1o develop innovarive re-
scarch programs.

For furmther information visit website: htpe//
life.finu.edu.en/ or comtact: Prof. Yanding Zhang,
Dean of the College (e-mail: life@fjnu.edu.cn).

POSITIONS OPEN

TENURE-TRACK
ASSOCIATE FPROFESSOR or PROFESSOR
ASSOCIATE DEAN for BIOMEDICAL
SCIENCES

Oklahoma State University (OSU) Center for
Health Sciences, College of Osteopathic Medicine
i a natiomally ranked medical school with a long-
standing teaching tradition. We are secking a dy-
namic individual who will serve as the Associate
Dican for Biomedical Sciences, enjoving an excellent
full-time carcer opportunity o join the ficul of the
College and O8U Medical Center in downtown
Tulsa, Crdahoma.

Position provides oversight of planning, develop-
ing, delivery, and evaluation of the biomedical sci-
ences programs in the Center for Health Sciences,
Supervises the planning, coordination, delivery, and
evaluarion of biomedical courses, Recommends pro-
grams for the development and ennchment of unit
personnel. Consules with departmental Chairs 1o
asspn personned to nstruoctonal serviees and related
activities. Evaluates personnel performance and rec-
cmmee s personnel Actions pemaining (o acgquisition,
promoticn and for tenure, retention, and dismissal,
Facilitates regulady scheduled meetings berween
Senior Associate Dean and Biomedical Department
Chairs, Works closely with Associave Diean for Grad-
uate Studics 1o develop and grow the graduare pro-
grams in biomedical sciences. Works dosely wath the
Associate Dean for Clinical FEducation and Associane
Dean for Graduate Medical Education in mamntain-
ing an integrated curnculum from OMS - One
OQGME - Five, including rescarch. Serves as a mem-
ber of the Cumiculum Committee and the Academic
Deans Counal. Requires a Ph.D. or IO, degree
and fve vears of related experience i posthaccau-
laurcare, health-related academic programs; admin-
werative skills, record of scholaship, rescarch, and
publications. Prefer postdoctoral training, expe-
rcnce eaching biomedical sciences medical and
graduate cowrses, Interested candidates must apply
online at website: hitps: //jobs. okstate.edu, job
iumber 028049,

The Department of Surgery ar the University of
Pennsvivania’s School of Mediane sccks candidares
for an ASSISTANT PROFESSOR position in the
nontenure rescarch mrack, The successiul applicant
will have expenence in the feld of endocnne and
oncologic surgeny rescarch with a focus on basic cell
'I'm:ll:y. Responsibilities include rescarch investiga-
ton of the molecular mechanism of cancer, includ-
ing cell surfice receprors and their functions, cancer
cell migration and mvasion pathways, and identifi-
artion of molecular biomarkers o improve pre-
operative cvolution of tumors, Rnwmﬂ'hilil:il:s alse
include nu.ntmshlp and supervision of rescarch and
support st in the surgical oncology Biboratory,
-\ippik..mls must have an M.I% or Ph.D. or M.D./
I'h.D, degree.

The successfill candidate will be expected to
develop an independent but related rescarch program
in support of dividonal research efforts, Past gran
writing/reviewing experience in cancer rescarch is
esscntial, and a background in molecular imaging
approaches in cancer applications is preferable,

Please submic curriculum vitae, a letter of interest,
aind references to:

Douglas L. Fraker, M.D.
Associate Professor and Chicl, Division of
Endocrine and Oncologic Surgery
¢/o Peter Atherton
University of Pennsyvlvania School of Medicine
3400 Spruce Street, 4029 Maloney
Philadelphia, PA 19104
The ['m:'r:ﬂr]' Lj.f.ﬂ'rruu]ilulru [T ] fi]ml]' U“urrluu]]'.
Affimaarive Action Employer, Women and mimoney candidares
dre stronigly eviconraged o apply.

VAW SCIeNCecareers.o rg



1t NATIONAL INSTITUTES OF HEALTH

Senior Scientist, Vaccine Research Center
Q ‘ National Institute of Allergy and Infectious Diseases
Mational Institutes of Health (NIH)

The National Institute ol Allergy and Infectious Diseases (NIAID ), Vaccine Research Center (VRO) is recruiting for a Senior Scientist {non-tenure)
to oversee preclinical rescarch activities, investigate novel vaceine delivery methods, and serve as the head of the Laboratory of Animal Medicine,
The NIAID is a major rescarch component of the NIH and the Department of Health and Human Services (DHIS).

Due 1o the dual research and animal medicine functions of the pesition, the VRC is seeking candidates with a Ph.D. in virology, immunology or
a related scienilic field, and a Doctorate in veterinarvamedieme, The position involves o broad spectrum of scientific rescarch, veterinary and
business management skills encompassing laboratonyanimal medicine rescarch, animal program management, ability o develop, manage and
execute in-vive animal research contracts for the VRO, linancial oversight, and contract administration:, The candidate will plan, manage and
analyze data from animal studies evaluating immunogenicity of vaceine candidates. Board centification in cither Veterinary Pathology or Labora-
tory Amimal Medicine, and expenencean hnancial oversight ol a lage program 1s prelerred.

The ideal candidate will be experienced in vaccine development rescarch, non-human primate studics. and good laboratory practices (GLIP) animal
studics, and will have a record ofindependent rescarch and peer-reviewed publication,

The Senior Seientist selected forthis position will have committed resources o support laboratory research. and an allocated annual budget to
cover services, supplics and salaries, Salary will be based on the individual's qualilications and experience, in the range of S140- 180k,

Interested candidates may comact Dr. John Mascola via E-mail: VRC Positionsi@ mail.nib.gov for additional information about the position,
To apply tor the position, candidates must submit a curriculum vitae, bibliography, three leuers of reference, a detailed statement of rescarch
imterests (limit w3 pages) and reprints of up o three selected publicatons wo: National Institute of Allergy and Infectious Diseases, Vaccine
Research Center, ¢/o Intramural Administrative Management Branch, Atin: Ms. Marie Hirsch; Building 40, Room 1118; 40 Convent
Drive; Bethesda, MD 20892-30013 or email hirschmia niaid.nih.gov by Apeil 12, 20007,

w Postdoctoral opening Advancing Science by

A POSTDOCTORAL position is available in the Labora-
tory of Molecular Microbiology (LMM), National Insti- Seeking Your ln put
tutes of Allergy and Infections Diseases (NIAID), at the
National Institutes of Health (NIH) within the Department
of Health and Human Services (DHHS) to investigate ret- g"‘ ”‘% o . s
roviral budding and release. This program will focus on the % NIH Center for Scientific Review [4
interactions between viral and cellular proteins involved
in the budding and release of HIV-1. The ideal candidate 2007
should have a Ph.D. degree and a strong background in
molecular biology, biochemistry, virology, or cell biology.
Interested individuals should submit a CV and names of Peer REViEW

three references to:

Fadila Bouamr Ph.D. Open House Workshops

Laboratory of Molecular Microbiology, NIAID/NIH,

Bldg. 4, Room 337, 4 Center Drive, Bethesda, Mary-
land, 20892-0460; ¢-mail: bouamrfi mail.nih.gov

e

Learn more at hitp://www.csr.nih.gov/Openhouse

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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THE CHINESE UNIVERSITY OF HONG KONG

Applications are vited for:-

School of Chinese Medicine
(1) Associate Professor [ Assistant Professor

(Ref, 7NN 3665 V2 ) (Closing date: March 5, 2007
Applicants shoukd have {i}a PhD degree inlife science. preferably in Chinese medicine or related arcas; (i} established
scholarship with a track record of high-gaality publications and awvard of competitive rescarch grants; preferably (i)
teaching and clinical e:[n:ricm;u o Chanese medicme; amd (v quulii'n:.arinm for [n:u'ti&inu Chinese medicme in
Hong Kong. Duties include (a) teaching undergradusie and posigmdnte courses; :hbsupcrnxing research projecis;
e hoonduchig escaich mown fetdis) ol npm'iu.'li.!;ﬂm anad (4} am'nl'illg i admanearation of the School and curmc limm
development. Appointment will nommally be made on contract hasis Tor up to three years initzally, leading 1o longer-
term appointment or subsintiation lober subject 10 mutual agreement,

Department of Anatomy
(2) Research Associate Professor [ Research Assistant Professor
(Ref. OFN2 31663 02 W Closing date: March 12, 2007}

Applicants should have (1) a PhD or an MD degree: (ii) several vears' relevant research experience: (i) a good
publication record in intemational refereed joumals, desirablly with high impact factors; and preferably (ivi good
kniww bedge of the state-of-art techniques in beomedical research, The appointes will (a) pasticipate in reseasch in
neuroscience, cancer and immunadogy, developmental and stem cell biology, or reproduction: (b) develop his/her
own aiche withan these Gickds: amd (c) lcach anatomy courses. Appointment will initially be made on coniract basis
for iwo years, renewable subject to mutual agreement.

Salary and Fringe Benefits

Salary will be highly competitive, commensarate with qualifications and experience, The University offers a
comprehensive fninge benefit package, includmg medical care, plus a contract-end gratuity {or appointments of
twin years or longer; housing benefits for cligible appointees.

Further information about the University and the gencral terms of service For appointments is available af
hrep siwww. cnhikedi bkiperionrel. The teems memntioned herein are for reference only aml are subject 1o
revision by the University.

Application Procedure

Please semd full resume, i,'upic;'x of academic credentials, o publication kst andfor abstrocts of selected pablished
papers, tagether with names, sddresses and fax numbers/e-mail addresses of three referees 1o whom the u|1l1lj|.:u|1bi'
consend has been given for their providing references (unless otherwise specified), to the Personnel Oilice, The
Chimese University of Hong Kong, Shatine N.T., Homg Kong (Fax: (852) 2603 6852) by the chosing date, The Personal
Information Collection Statement will be provided upon request. Please quote the reference number and mark

Oklahoma State University
Division of Agricultural Sciences and
Natural Resources

Professor and Sitlington Chair
Agricultural Biosciences

Applications and nominations are invited for
the position of Professor and Sitlington Chair,
Agriculiural Biosciences at Oklahoma Staic
University. This position will provide research
leadership for a new Oklahoma State Univer-
sity Institute for Agricultural Biosciences at the
Noble Foundation 1o be located on the campus
of the Samuel Roberts Moble Foundation in
Ardmore, OK. The major rescarch programs of
the new Institute will be forage improvement for
Iivestock, fundamental rescarch in plant brology,
and bioenerey/alternative fuels.,

Applicanis must hold a doctoraie in agriculiural/
chemical/biological science germane 1o the
research emphases of the Instiiute and possess
extensive research qualifications commensurale
with an appoiniment at the full professor rank.
More information and guidelines fior application
are ai hiip:/jobs.dasnar.okstate.edu/.

Formal review of applications will begin April 2,
2007, and will continie until & suitsble candidate
15 identified.

Contact: Clarence Watson, Chair, Search and
Screcning Committee, 139 Agricultural Hall,
OS5, Stillwater, OK T4078-6019. Phone: 405-
T44-5398. Email: cowatsonda okstate.cdu.

(IS avd DASNR are Afferrarive Action/
Egul Opporiuiiy Emplovers conmmitied ic
multiculnral diversice. Women and menthers

“Apphcation - Conhidential™ on cover,

of atlher wrder-represemied groups are sirongly
encemraged to apply.

The Departiment of Oceanography at Texas A&M Uni-
y  versity reopens the search for an expenenced and visionary
4 department head with exeeptional communication skills
and a background inacademic leadership. Candidates must
have a track record of scholarship that is fitting for appoint-
ment a5 a tenured full professor of Oceanography.

The department {http:z/oceanography.tamu.cdu ) was established in 1949
and has a nch history of fundamental and applied ocean research, The depart-
ment consists of a combined fculty and saffol 69 wath Tl graduate students.
It resides in the College of Geosciences (hitp:/geosciences.tamu.cdu)
which also includes the departments of Atmospheric Sciences, Geography,
Geolory and Geophysics, and several reloted units: the Sea Grant Program,
the Geochemical and Environmental Research Group, and the Integrated
Ocean Drilling Program. The department also maintains close ties with a
branch campus at Texas A&M University Galveston,

The department head is responsible for leadership of the department,
including strategic planning, academic administration, graduate studemnt
recruitment, development activitics, connections with the broader national
and intermational community, and effective use of the depariment's financial,
admimistrative, and human resources. The new head will oversee the hiring
ofa significant number of positions that will complement a 28-faculty hiring
effort that the College of Geosciences began in 2004 i four target areas;
Climate Change; Oceans, Atmospheres and Human Health; Environmental
and Hydrological Geosciences, and Ocean Drilling and Sustainable Earth
Sciences (DDASES).

Candedates are asked to submit a detailed curmiculum vitae, stitements of
research interests, of educational philosophy, and of admimstrative phi-
losophy, and three letters of reference 1o: Dr. John R. Giardino, Search
Committee Chair, Office of Graduate Studies, Texas A&M University,
College Station, Texas T7T843-1113; rickgi@ tamu.edu. Screenimg of appli-
cants will begin mid-February 2007 however, applications and nominations
will continue o be aecepted until the position is filled.

Tewaze ARM Universiry Iv an Affivmative Acrion/Egual Opporttning
Emplover: The Universit is dedicated o the goal of building a calturally
diverse and phiralistic community committed to teaching and working in

a malticultural covironment, We stronely encourage applications fron
wornen, tndervepresented etlmic groups, and individualys with disabilives.

Top 100 Hospital expanding in Central Texas

.
LA

Endowed Chair in Pediatric Research
Scott & White Health System
Texas AEM System Health Science Center College of Medicine

The Children's Hospltal at Scoll & While and The Texas ARM Sysiem Heallh Science
Center Collage of Medicine are seeking a naficnally recognized research scnist as the Tirsl
holder of the Josephine Ballard Endowed Chair in pedialric research. Applicants should be
accomplshed investigators (Fh.D_, MD. or MD.PhD.} &l the associale or professor level with
axrent federal grants and a proven Fac recond in basic, dinial, andor ransistonal reseanh.
The successiul candidabe will join an expanding faculy witin a karge academic healthcane
gystem. The chair holder will play 8 eribcal roke in directing and expanding research ackities in
pediatric disease, in dosa collaboraion with investigators in local, nalional and inberational
eparts in cell biology. ganomics and prolecmics.
The Children's Hosgpital at Scolt & White serves a large dinical base throughout Central Texas.
There am outstanding dinical pradlics and laboralory Bclities on campus thal pedom stale of
the arl molecular and callular biology lechnigues, flow cylomelny, profecmics and genomics as
well & eostalistical support serices.  Animal laboralony facikies include aneas o perom
medical and surgical procedures. Laboralory space and an appropriabe siar-up package for the
chair holder will be provided. The Scoll & White Healthcare syslem is cre of the langest muli-
specialty inlegraled delivery systems in the naton. Scoll & White & he primary dinical and
hospial eaching campus for he Coliege of Medicine. Academic appointments ai the assodiale
and prolessor level frough the College of Medcine are commensurate with qualifications and
P RENGE.
leresied candidales should send a copy of their cumiculum witse, lefber addressing their
qualifcatons and a st of 3 individusls who can provide references to; Don P. Wiksan, MO,
Chair, Search Commities for Josephine Ballard Centennial Chair in Pediatric Research;
Chairman, Department of Pediatrics, 2401 South 31st Strest, Temple, Texas 76508, 254-
T24-4363, fax 254-T24.1538, emaik dwilsonilswmailsw.org.

Seoll & White i an squel oppofualy amploysr.  For mos ko fon

regarcing Scoft & Wivis and The Taxs ASY Sysiem Healh Soence Canter
of Madicine, plaase g onfo: www: iamy ed'y and wws swong

Temas Aald
m HEALTH SCIENCE CENTER
Conimin oF Mirsmm

B
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& RCETYT & WHITE




CoLumBia UNIVERSITY

Center for Neuroscience Initiatives
Executive Director

Columbia University is recognized as a global beader in the basic and clinical newroscicnces. The Cemer for
Newrosciemor Initiatives (CXI) is an organizing arm for the development, implementation, and coordination of
mew neuroscience-relaied initiatives at Columbia University. OS] will focus on launching new programs and cen-
ters that will acceleraie the transkaion of fundamental discoveries imo new insights and potential therapies for
neurslogical and psychiane disorders. Imponant objectives of CX1will be w integrate preclinical and clinical
nenrascience, and (o bridge the gap betwveen molecular nevrobiology and cogmitive reuroscience,

We are seelang an Executive Director 1o play 2 leading role in the development and ongoing implementation of
scientific, business, and operational plans in support of CXI. Reporting (o the co-directors of CXI, the incum-
bent will be respansible for the day-w-day management of the center, programmaic, scientific, and flinancial
activities, which will inclede the development and suppon of the work of the center, new farulq.' recruilment,
coordination of program granls, communications, public relations, and fund-raising. HeShe manages admin-
istrative activities for the center. Provides strategic oversight for center initiatives inchding new programs,
prants, core Beilities, mectings, and communicaions. Oversees and manapes all internal and extermal meetings.
Researches and develops ideas for new transkational programs. Devebops a strong internal and external network
for colliboration and support of Reuroscience aothites, and coordinales Wilerial and citemal coma ualcations
to patliciee and disseminate these actvities, Presents monthly updates on CNI activities 10 (he co-direciors.
Partbeipates i external mectings and professiond activities where felevail b CN goaks

Bachelor’s degree required with ten vears of experience in program management for 2 privase’cor porale foun-
dation, public chany, government orgamzation, academic instiwion, or corporation. Masiers degree or equiv
aleni may substivie for part of ibe experience. High intell ectual capacily already applied io leaming new areas
of science and wechnology and related felds. Demonstrated project mamagement skills, incleding project
design, tmely execailon, oversighi, and effective badgel managemeni. Strong oral and wriilen communicatlon
skills that take into account the audience, amd equally effective listening <kills. Desire o be part of an evolving
center and 10 contribute 1o its growth and reputation. Demonstrated ability w work with scientists in 2 saff mole.

PhD. or M., In sclenific’'medical area related 10 nevroscience andfor graduate level degree MPH.. MBA

ASSISTANT or
ASSOCIATE PROFESSOR
Stem Cell Biology
UNIVERSITY OF PENNSYLVAMIA

The Department of Amimal Biology and the newly
established Instituie for Stem Cells and Regenera-
tive Medicine al the University of Pennsylvania
are soliciing applications for two TENURE-
TRACK faculty positions al the ASSISTANT
or ASSOCIATE PROFESSOR level. Animal
Biology has a strong commitment to basic
hiomedical rescarch and 1= located at the heart
of Penn’s Philadelphia campus in an interactive
scientific envirgonment, Candidates with rescarch
interests in thie broad areas of basic science and
translational research in stem cell biology are
encouraged 1o apply. Applicants must have a
PhD, MD, VMD/DYM or equivalent degree
along with pestdoctoral training, and should
be prepared o establish an independent ¢xtra-
murally Munded research program. Applicams
are expected 1o mteract with multiple existing
Research Centers al Penn, such as the Center for
Animal Transgenesis and Cerm Cell Rescarch,
and o teach inthe Depariment and in Umiversity-
wide graduate programs,

Candidates should submit by April 2, 2007 a
PDF file with a curriculum vitae, a statement
ol research interests, and amange for clectronic
submission of three reference letlers 1o: Dr. 0.
Jacenko at stemcellsearchia vet.upenn.eduo,
University of Pennsylvania School of Veteri-

.., preferned.

Submit résumé and cover letter onling throngh the Colombia University job site hitp/obs_columbia edusfappli-

canisCentral ippickFind= 103702

Contact David Leyden at dgl2 102 @columbiaedu with any questions,

Columbia University takes affirmative action toward equal employment opportuniiy.

nary Medicine, 3800 Spruce Strect, Philadel-
phia, PA 19104-6046; FAX: 215-573-5189,

The Universite of Peansylvanio is an Egal
Oppaartining Affirmnative Action Emplayer
Minewities/Females/fdivichials witkh
Disabilities/Vererans encouraged to apply.

DUKE UNIVERSITY

Center on Global Change
Two Postdoctoral Positions

(1) Regional Biogeosciences and Environmental Sciences: Duke
University's Center on Global Change and Nicholas School of the
Environment & Earth Sciences seek an carth scientist in biogeosciences,
ceology, hvdrology, modeling, or remote sensing 1o analyee the imerac-
toms of chimate change with terrestrial ecosvstems in the southeastern
1.5, The candidate will contribute w Dept. of Encrgy efforts (http:
fwww.nicer.duke.edw) io siudy and synthesize climate change effecis
in the region. Approaches may include remote sensing of ecosystem
change, field experiments, and'or regional modeling. The scientist will
have access o ficld facilities at Duke, including the forest FACE experi-
ment of elevated CO, and N fertilization (http:/Tace.env.duke.cdu/).
For more nformation see hitpz/www.icholas.duke.edw/ege/and hiip:
ffwww. hinlogy.duke.cdujackson.

(2) Climate Change, Biofuels and Agriculiure: Posidocioral posi-
tion in Duke's Center on Global Change and Nicholas School of the
Environment and Earth Sciences, We seek a scientist with expenence
in hiogeoscicnces, plamt ecology, agriculture, hvdrology, modeling or
remole sensing 1o analyze interactions of climate change with agricul-
twrl systems i the US, An applicant could also combine economie
modeling and forecasting for the agriculiural market sector; such cfTors
might include synthesizng climate change effects on crop production,
and interactions betwoeen alternative fuel market growth and food and
feed production capacity.

Send a CV, statement of interests, and 3 recommendation letters wo: Rob
Jackson, Director — Center on Global Change, Nicholas School, Box
658, Duke Univ., Durham, NC 27T08-0658. Applications received
by March 25, 2007 will be assured consideration.

Dk ix an Equad Oppartieite Emplaver; mimerity appdicams are
particilarly encowraged iy apply.

YALE UNIVERSITY
Il School of Forestry & Environmental Studies
i J School of Architecture

IE & Junior Faculty Position in
Sustainable Design and Development

Yale Unmiversity s School of Forestry & Environmental Studics and School of
Architecture seck applicants for an unprecedented joint ladder level Assistant
Professorship in Sustainable Design and Development, with an emphasis on
the urban environment. More specifically, we seck individuals who have exper-
tise, of (e potential 1o establish this expertise, inthe management and design
of urban environmental systems and urban ecological infrastructures with a
focus on the neighborhood and community scale rather than the butlding and
site scale. Candidates should not only demonstrate an interest in minimizing
adverse environmenial impacis of urban development but also in enhancing
benchicial human connections to natural systems in urban arcas, The successful
candidate will be expected o advise, supervise and instruct both ervironmental
studics and architociure students, offering lecture, seminar and'or project-based
courses in areas such as sustminable design and development, urban design,
urban ecology, landscape ecology and design, and restoration of urban envi-
rommental systems, This person will be expected to assume a leadership role
in the recently established School of Forestry & Environmental Studies amd
School of Architecture joint Master's Degree program. We prefer a candidate
with advanced training in any of the following fields: sustainable design and
development, urban design, landscape ecology and design, wrban ecology,
architecture, or allied fields.

Applicanis should send a curniculum vitae; statement of research, teaching,
and‘or professional practice inlerests; two representative examples of research
or profiessional publications and'or design work; and 2 list of three references
1o Professor Stephen B, Kellert, Yale University, School of Foresiry &
Environmenial Studics, 205 Prospeet Strect, New Haven, CT 06511, USA.
AND Professor James Axley, Yale University, School of Architecture, 180
York Street, New Haven, CT 06511, USA. The deadline for applications
is April 1, 2007,

Yerbe Universiny is g Affirmastive Action/Equal Opporianine Emplover

Men and women of diverse rackel/ethic backgrownds and cultires are

enconraged o apply.




Three Tenure Track Associate or
Assistant Professor Positions for
Biomedical Engineering,

Tohoku University, Sendai, Japan
http:/www.ttsc.cress.tohoku.ac.jp

Tohoku University is sceking voung scicntists who are eligible to be inde-
pendenily engaged in research of biomedical engineening. for example
artificial organs, biomaterials, biomechanics, medical imaging, medical
mformatics, medical robotics, nanomedicineg, tissue engineenng and/or
related arzas. We encourage women and foregners 1o apply,

The successiul applicanis are expected 10 be enrolled in a “Program
of Frontiers of Advanced Interdisciplinarny Area”™ that is sponsored by
Ministry of Education, Science, Culiure, Spons and Technology, Japan.
Thas program covers the penod of 2000 through Mar: 31, 2011, and offers
annual salaries for three tenure track researchers and three additional
rescarchers (postdoctoral fellows or technicians). Financial suppons for
equipment and reagents are also awarded. During or at the end of the
program, the researchers will be able e obtain wenured positions after
evaluation by the committce.

Interested applicants should send curriculum vitae, a publication list,
PDF files of major papers (less than 5), summary of previous activities
as well as future rescarch plans inabout 1,000 words, a list of scientific
granis awarded previously, and three recommendaiion letters {or names
and comntact mformation of three references) to: Masaaki Sato, Professor
(satofe bml.mech tohokuac.jpl. Department of Biomechanics and
Rabotics, Graduate School of Engineering, Tohoku University, 6-6-
01, Aza-Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Japan

Deadline for application is March 30, 2007, A committee consisting of
intra- as well as extramural members will select successful applicants
through paper-resiew and interview,

DIRECTOR
Bigelow Laboratory for Ocean Sciences

Bigelow Laboratory for (Ocean Sciences, West Boothbay Harbor, Maine seeks
an imaginative, accomplished and entreprencunal scientist with exceptional
leadership and communication skills for the position of Director.

Bigelow Laboratory is an independent, non-profit organization renowned for ils
major contributions to eccanography through cutting-edge rescarch on processes
affecting the productivity of the oceans, coastal seas and estuaries. Founded
by visionary scientists Dvs. Charles and Clanice Yentsch i 1974, Bigelow
Laboratory is distinguished by a spanit of seientific Freedon, a tradition of opei,
interciscaplinary team-building, and memorship. 1115 a unique communitly of
seientists, stall, trustees and pglobal neighbors with a comimon dedication Lo
ocean sciences. Present interdisciplinary rescarch strengths include phvtoplank-
fon ceology and evolution, optical cccanogrmaphy, manne microbiology, and the
ceology of higher trophic levels, with expansion inte trophodynamics and cco-
logical chemisiry. Facilities inchade the Provasoli-Cuillard National Center for
Culture of Marine Phytoplankton, the Maclsaac Facility for Individual Particle
Analysis and the Center for Transmission and Scanning Eleciron Microscopy.
For more information, please visit http:fwww.bigelow.org.

The Director will help Bigelow Laboratory realize a shared vision for future
excellence, including planned expansion to a new facility. He/she will lead staff
and operations, ensunng contimuing recruitment, retention and development of
iop-quality stail. The Direcior will work effectively with the Board of Trusiees,
and will encourage creativity and innovation a1 all levels. She'he will help
shape the agenda for fure occan scignces research at the siate, national and
international levels: communicate the importance of oceanographic research
1o policymakers and the general public, and diversily Bigelow Laboratory™s
funding from public and private sources, building on its long-standing success
in acquiring competitive external funding,

Salary will be competitive and commensurate with experience and qualifica-
tiogns; & complete benefits package is available. Nominations and applications
including curriculum vitae, evidence of leadership of multdisciplinary onzaniza-
tions, scientific achievement. and professional goals should be sent to: Direclor
Search Committee, Bigelow Laboratory, PO Box 475, W, Boothbay Harbor,
ME M575, USA or Bizclowdinector(a bigelow.org, +1 207-633-9615. Review
ofapplications will begin by April 1, 2007,

An Affirmative Action'Equal Opportunite Employver.

= CASE

SCHOOL OF MEDICINE

Postdoctoral Position in HIV Molecular Biology
Department of Molecular Biclogy and Microbiclogy

A POSTDOCTORAL SCHOLAR/RESEARCH ASSOCIATE
POSITION i= available in the group headed by Dr. Jonathan Karn,
Chairman of the Depanment of Molecular Biology and Microbiology at
ihe Case Wesiem Reserve University School of Medicine. The Departmeni
has strong ties o the Case Center for AIDS Research, and 15 currently
undergoing a period of rapid expansion,

The work of Dr. Kam's group focuses on the control of HIV mnscrip-
tion, Ongoing projects concem biochemical and genetic studies of the
mechanisms of action of Tat, HIV repression by chromatin structures,
and regulation of promoter clearmnce by transceription factors, For a recent
publication see: Kim et al. EMBOJ 25:3506-3604, 2006, Further details
may be viewed at http:www.ease.cdu/med/microbio/karn htm:

The positiono POSTROC TORALSCHOLARRESEARCH ASSOCT-
ATE s open to candidates with less than 5 vears postdoctoral expericnce.
Salary and benefits in keeping with NIH scales, and relocation expenses
will be prowided. Exceptionally qualified and more senior applicants will
be considered for an Instructor position. Experience in the bioehemistry
of transeription. molecular virology and/or gene expression in mam-
malian cells is essential, For further information on the position and for
detailed instructions on how o apply, please visit: httpsffwww.case.edo/
med/micrabis/karnpostdoc.htm, Interested applicants are asked 1o visit
the website, complete a briel online application and provide a letter of
application, curriculum vitae, briel statement of research goals and
accomplishments, and names and contact information of three profes-
sional references. Please respond by March 31, 2007. Applications will
be considered upon receipt.

I emplovmens, ax in education, Cave Western Reserve University iy
committed to Egwal Oppaortunity and Wordd Class Diversity,

Automation Chemist/
Instrument Specialist

The Merck Catalysis Center in the Chemistry Depart-
men at Princeton University is engaged in supporting
acadeime research i the avea ol catalyvtic reaction devel-
opment as par of a fast-paced discovery environment.

Job responsibilities Tor this position inelude, but are nol himated to
operating/modifying computer-based procedures for the control of
automated high-throughput equipment. preparation of catalyst/ligand
Libsaries and the mamesance of laboratory mstrumentation. Examples
of laboratory equipment include liquid and solid dispensing robots,
parallel reactor systems, and analyucal mstrumentation (HPLC, SFC,
GC, LOCMS, ete.). Additionally, there is the opportunity for a motivated
candidate o conduct/publish independent research in affilintion with the
Catalysis Center.

The job candidate will hove a PhoD. (or M8, degree with extensive exper-
ence) in chemistry and with practical expenience in working with HTS
instrumentation. The candidate should have proficiency in the operation
and maimenance of avtomated HTS instrumentation, analytical instre-
ments (SFC, HPLC, GC, LCMS). and glove boxes, ete. It would be
desimble o have a strong background in analvtical chamctenzmtion,
specifically in development of chial HPLC/LCMS/GC/SFC methods
as well as computer programming skills. The ability to work in a team
environment is required with cffective imerpersonal skills 10 communi-
cate clearly and interact with academic collabormors (faculty, graduate
students, and postdoctoral associates).

Applicams should send their CV, a brief siatement of rescarch interests,
and three letters of reference 1o Ms, Caroline Phillips, Department
of Chemistry, Princeton University, Princeton, NJ 08544-1009. For
information about applying to Princeton and bow 1o self-identify, please
link 1o https/fweb, prineeton. edu/sites 'dofl Applican ts1nfo. htm,

Privcetan University is an
Egreerl Opposrtuniny/ Affirmative Action Emplover.




SIXTY FACULTY POSITIONS
Université Claude Bernard Lyon 1, Lyon, France

Université Claude Bernard University Lvon | is offering 60 tenure-track positions
{assoctate and full professors) in the following helds: mathematics, phvsics, chemsiry,
compuler science, mechanical engincering, electronics, biochemistry, biology,
pharmaceutical and medical sciences (including virology), Applicants are invited to
consult our web site www.univ-lvon Lir and w click on “portail de mobilité™. They
will lind a short description of the different positions offered in terms of teaching and
rescarch activities and the Enwil addresses of the departimem heads 10 contact for
detailed information. Appointees will be selected through national and local scientific
commiltees. Indications on the selection procedure, and the salary ranges can be
found on our web site. The appointed facullty members are expected 1o establish a
successiul rescarch program and secure extramural funding, They will be involved
i undergraduate and graduate student education and rescarch, The university is ong
of the largest in France with more than 30 ) students invoelved in all the domains
ol science ||L¢l|u,||:|'|:_._- life science and I.,.‘ll.:-_._".I!'H.'\,'!'il'Ig. It can boast of a very strong and
ellicient research activity taking place in more than 90 laboratories carrying oul culling-
edge research focusing on three main domains: health, material, and environmental
sciences. Lyvon, in the hean of France's second mosl important region is the third

BOSTON

UNIVERSITY

The Department of Pharmacology &
Experimental Therapeuties at Boston
Umiversity School of Medicine (http:
ffwww.bume.bwcdobusm/pm) hos open
fzculiy positions at the Assistani, Associ-
ate or Full Professor levels. Individuals
with an interest in translational neurosci-
ence or with research progroms bridging
disciplines such as cancer, cardiovascular,
or infectious disease biology are especially
encouraged o apply. The Department has
stremgths in a broad range of rescarch arcas
mcluding leaming and memory, neuropep-
tides, substance abuse, neurodegenerative
discases, neuroinflammation, anxiety, and
epilepsy. The Department administers an
active university-wide pharmacelogical
scienees traming program that is supported
by an NIGMS T32 and awards a combined
PhD in Pharmacology-Biomedical Neurosc-

largest city with 1.2 million people famous for its industrial network, higher education

citee or Phammacology-Cell and Molecular
and gastronomy.

Biology.

Interestied individuals should send a CV.
statement of research directions and up 1o
three publicatons to: David H. Farh, PhI.,
Chairman, Department of Pharmacology
& Experimental Therapeutics, Boston
University School of Medicine, 715 Albany
Street, L-603, Boston, MA 02118,

Arr Exgrral OpprrtsavitviAffirmat ive Action
Emplover

More information about Lvon can be found in the Higher Education and Research
Rescarcher’s Guide http:/fwww.lyoncampus.org/ pagesguide/etabl.htm.

Applications should be sent before Mareh 30, 2007 for positions opened in Sepiember
2007, Inquiries are handled by Email only 10: Prof. JLF. Mornex, Vice President i
charge of research morpnex.csf adm.univ-lyvon1.Ir.

FACULTY POSITIONS IN
MAGNETOENCEPHALOGRAPHY

MEDICAL The Hoglund Brain Imaging f_'m‘h:‘r nn!! the
CENTER. Department of Neurology at the l.:nu'rrsal:' 1_:|f

Kansas Medical Center seck three faculty o join
an established magnetoencephalography (MEG)-
hased rescarch and clinical neuroscience program. Specific rescarch
arcas of interest include but are not limited to speech, language, and
hearing, motor comrol, brain injury, and signal processing, Clinical
activity meludes integrated multii-modality imaging in epilepsy and
brrain tumor pre-surgical planning,

Grant for Postdoctoral
Positions in Sweden

The grant will enable researchers with
Swedish or non-Swedish doctorates
(PhDs or equivalent) to work at Swedish
higher education institutions or research
establishments. The programme will span
two years. Research areas: Natural Sciences,
Engineering Sciences, Humanities, Social
Sciences and Educational Sciences.

Tt Lisiwpruiny o Baniss

Research (2 positions): (1) a senior Faculty (Professor of Associale
Professor) who will lead the research MEG progrim and continue hisher
funded research program; (ii) a junior faculiy (Assistam Professor) who
will focus on hisher own computational or applied MEG rescarch,

Clinical {1 position): a chimcal epileptologist (Professor or Associane)
who will direet a Comprehensive Epilepsy serviee and lead the clinical
MEG program.

The Faculty members will be expected 1o develop independent research
or clintcal programs and to collaborate with existing university
rescarchers, Research candidanes should have a doctoral degree in
neuroscience or related discipline. Clinical candidates should have
an M.D. with specialist tmining in epilepsy. Experience and rescarch
funding in MEG or EEG is highly desimable. Facilities include whole
head and fetal MEG systems and 3T (humany and 94T (animal ) MRI in
a dedicated research building. Further details of the HBIC program ane
at www kume.edwhoplund. Competitive salary and start-up packages
are available.

Application documents will be posted on
the website at the end of February. The
last application date is 29 March 2007.

WWw.vr.se

Interested mdividuals should send a statement of research mterest and
resume Lo

\7
hﬂcn-s-k.z:raﬁct

William M. Brooks, Ph.D.
Director, Hoglund Brain Imaging Center
whrooksia kume.cdu
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uOttawa

L'Université canadienne
Canada's university

The University of Ottawa, at the
heart of Canada's capital, is one
of our country’s leading
research universities, We are a
cosmopolitan community of
over 40,000 students, faculty
and staff who live, work and
study in both English and
French. We are proud to be
Canada’s university.

FACULTY OF MEDICINE

Department of Cellular and Molecular
Medicine

The Faculty of Medicine at the University of Ottawa is presently undergoing a
significant strategic expansion of research within its basic science departments
with a specific focus on molecular, cellular and systems approaches to
understanding fundamental questions of cellular function and growth and
development. In the context of this overall strategy, the Department of Cellular and
Molecular Medicine is presently inviting applications for tenure stream Faculty
positions from outstanding candidates at all career stages. Strong candidates using
innowvative approaches to study important biclogical problems are invited to apply,
although in this application cycle pricrity will be given to applicants with research
interests in Molecular and Cellular Biclogy to complement and extend existing
research strengths in

ScienceCareers.org

Regulation of Growth Control

Developmental Genetics

Molecular Physiology
Regenerative Medicine

Successful applicants will be provided with generous and comprehensive
start-up packages and will be housed within a new 100,000 sq. ft. state-of-the-art
expansion of the Faculty of Medicine's Health Sciences complex. Canada Research
Chairs will also be available to exceptional candidates. Successful applicants will
possess a Ph.D. and are expected to develop vigorous independent research
programs and to contribute to the teaching mission of the Department. The
University of Ottawa is a bilingual institution, thus proficiency in both English
and French is an asset,

As Canada's National Capital, Ottawa is a vibrant and attractive city with a high
standard of living.

More information on the Department can be obtained at;
http://www.uottawa.ca/academic/med/cellmed/

Interested individuals are requested to submit a curriculum vitae, a list of at least
three references and a statement of research interests to:

Chair

Search Committee

Department of Cellular and Molecular Medicine
Faculty of Medicine

University of Ottawa

451 Smyth Road

Ottawa, Ontario

Canada K1H 8M5

mhincke@uottawa.ca

Electronic submissions are encouraged and applications will be accepted until
April 30,2007.

www.u Ottawa.ca

According to government policy, all qualified candidates are invited to apply, however, preference
will be given to Canadian citizens and permanent residents. The University of Ottawa is an equal
opportunity employer.




MICHIGAN STATE
UNIVERSITY

Tenure Track Position in Nutrition
Department of Food Science and Human Nutrition

Michigan State Umiversity secks candidates lor a tenure track

Assistant Prolessor position in the arca ol Nutrition,

The successlol candidate 15 expected 10 develop a natonally

using hiomarkers 10 assess the influence of nutritional faciors on
chronic disease risk. This individual will conduct translaional
rescarch that emplovs stawe-ol-the-an approaches to prevent
and ameliorate human chronic disease by dictary means
Hefshe should possess aptitude w mentorfcach students, Complete
details on posivon and  quabifications can be found @
hupefwww shnmsuedwnuteition. pdl.

Cualilied applicants should submit the ollowing in one Adobe
Acrobat® (pdl) file 10 ddrefs@msu.edu: (17 curriculum vitae, (2}
summary of research accomplishmens and teaching experience,
(3 rescarch plan, and (4} reprinis ol publications. In addition,
three (3 letters of relerence should be semt direetly 1o Chair,
Mutrition Search Commitiee, Department of Food Science and
Human Mutrition, Michigan State University, East Lansing, MI
48824-1224. Fax: 517-353-8963. Review of applicitions wall
begin April 16, 2007 and will continue until the position is flled
MSU 15 committed 1o achieving excellence thro culw
diversity. The University actively encourages applications and/or
nominations of women, persons ol color, veterans and persons
with disahilities

MAEL 1S AN AFFIRMATIVE ACTION, BQUAL OPPORTLAMTY EMPLOYER.

CARDIOLOGIST

TRANSLATIONAL RESEARCH SCIENTIST

[he Section of Cardiology ar Danmouth-Hitchcock  Medical
Center/ Dartmouth Medical Schoal is seeking ro secruin two new ficulry
members (MDD or MILPhD)  board  certifiedicligible  in
Cardiovascular Disease with a strong interest in basic or wranslarional
n:\.l.'.ln:'E:. I'h 9 .{|1|1<1i|1||||4,'|||l- wjh |1\' |:n.|||..' il the Ascpsrant
Protesson Assocare Professon/Professor fevel depending on qualifications
.IIII.I I.':\.'Illl.'lll.'lll. C. 1l Iﬂl‘-”i(:l]'l H'l 1]1[' .'EI'IE;IIJJ_';I.'!'II.'\i\ It\'.'hl.'.lrl.]l {:I.'J'Ill.'l 'i.‘h .I\.II]'

.|I|I'|.' {4} :II".' III.I-I.II.II".'I.I I..Irl.I.IJI:!J:{'. l'll\". hl.'l.'l‘{ illl:ii'l JI.EII.II'! '|'|J1I| H \.IJIIrI.!; (19 Ull.l
of academic productivity and the potential to establish or bring an inde-
pendent research program focusing on vascular biology and develop-
ment, geneuics, molecular j111"'1-'-i':"F or |J:|}'||q'.|.|::_|i..|| E:linhrm'. An expertise in
echrahish or Xenopus research is particulary welcome. The successtul
candidate will he CApC ted o participale in cimical activitis of the
Section of Cardiology and to engage in teaching in the Experimental
Molecular Medicine !:.l.'ldl.i.l.l:r.' prOERRm and in the AngIopenesis Research
Center. State-ol-the-ant facilitis in the Section of Cardiology and
."'n.l'll';iv:lt;r.'llt'hr\ Research Cener include 30D echo, MR and CT LAEINg,
an advance |||i-:.r-:1~.u::-|1:.' core, and a mouse p!:_l. ~.ir.||||-2:r amd j:|11.L|_;ir|.!_: CORCs,
Addmionally, Darimouth Medical School offers many facilioes cha
inglude micro-CT and micro-PET imaging, ransgenics/knockour core
and genomics and proteomics cores,

Mease e-mail your curriculum vitae, a description of your research
program, carcer goals and the names of three references to:
michaelsimons@danmouth.edu, Dr. Michael Simons, Dircctor,
Angiogenesis Rescarch Center, Dartmouth Medical School,
Lebanon, NH 03756,

: DarTMOUTH-HITCHCOCK
MEeDICAL CENTER
www.dhmc.org

neuth Colloge i an Bqual Opportussey! Afiemasive Action employer and
encownge applicnons fmm wonom and membors of miscrnin g

A Tenure Track Associate Professor
Position for Medical/Dental Engineering
Tohoku University
Graduate School of Dentistry
Sendai, Japan
http:/f'www.ddh tohoku.ac.jp

Tohoku University Graduate School of Dentistry is secking a voung
scientist who s eligible to be independently engaged in research of
medeical/dental engineering, including medical dental tissue engineering,
system cell engineering. medical/dental biomaterials. nanomaterials,
bivimaging, bioinformatics, medical/dental robotics, biomechanics,
nanomedicine, manodentisiry, and'or related arcas. We encourzge wormen
and foreigners to apply.

The successful applicant is expected 1o be enrolled in a “Program of
Fromtiers of Advanced Imterdisciplinary Area”™ that is sponsored by
Mimistry of Education. Science, Culture, Sports and Technology, Japan.
This program covers the |'n:|'i|ul of 2007 through March 31, 2011, and
offers annual salary for the tenure track associate professor and one
additional rescarcher (postdoctoral fellow or technician). Financial
supporis for u.'|.||.tip|11¢|11 and reagents are also awarded. Durning or at the
cnd of the program, the rescarcher will be able 1o obtain tenured position
after evaluation by the commiitee.

Interested applicants should send cumiculum vinae, a publication sy,
PDF files of major papers (less than 3), summary of previous aclivitics
as well as future rescarch plans i about 1,000 words, a list of scientific
granis awarded previcusly, and three recommendation letlers (or names
amd contact mformation of three references) o: Tohokn University
Graduate School of Dentistry, Personnel Section, Address: 4-1
Seirvo-machi. Aoba=ku, Sendai. 980 8575 Japan: E-muail
den-jint burcantohoku.ac.jp; Fax: +%1 (Japan) 22 717 8279,

Deadline for application is April 16, 2007. A commitice consisting of
intra- as well as extramural members will select a successful applicant
through paper-review and interview.

MERCK & CO., INC

Director — Structural Biology

Merck & Co. Inc, established i 1891, i= a global research-driven
pharmaceutical company dedicaled to putting patients first

Join us and experience our culture first-hand — one of sirong ethics & mtegrity,
diversified experiences and a MeSiuUnNQang pass o for improving human health. As part
of our global team, you'll hawe the opportumity to collaborate with talented and
dedicated collzagues while developing and expanding youwr career,

Responsibilities: Plans, execules, and provides strategic and sceentific, technical and
administrative dirgction to highly complex ressarch and development projects in the
field of Structural Biology. Participabes in pragram design and discusses with the Vice
President the implementation of existing programs and advises himfher in the
formulation and planning of new research proposals. Consults with the ¥ice Presidont
and advises himfher on progress and results but otherwise proceeds with
independence. Plays a key role in assuring the Company’s continued competitne
position in Structural Biclogy Directs the work of a staff of Senior Research Scientists
across mulliple sfes and coordinates achvities throughout the Research Division as
appropriate. Particularly maintaing close contact with those responsible for the
chemical synthesis and molecular modeling of compounds, developmant of
beachemical assays and high throughput screening

Qualifications: PhD in BiochemistrBiophysics and 8+ years directly relevant
BxpETIEnce n blﬂill:!ﬂlsw.rblﬂﬂhﬁl{h resgarch. Candadabes h.hllll"lg I.:I-I'l‘.'{H:.' relevant
experience in drug development or providing similar guidance on large scale propect
developmental and organizational strategies in an academic setting preferred
Consistently cited as a great place to work, we dsoover, develop, manufacture and
markat a wide range of vaccines and medicings (e adiress unmet medical needs. Each
of cur employees is jeined by an extracrdinary sense of purpose - Bl'il'll;ll'll; Merck's
finest achiovernents to people around the world

We offer an excellent salary and an industry-ranked bemelils program, ncludng
tuition reimbursement, work-life balance initiatives and developmental programs at
all levels. Mercks mtirement package includes a pension plan and one of the best
A01[K] plans in the nation. To be consdered for this posiion, please vsit our career
site at www.merck.com/careers to create a profile and submit your resume for
requisition #CHEDD109T

Where patients come first e MERCK

Diseovery of Great Drugs demands continual discovery of Great People...

Merck is an equal opportunity employer, MF/DW = proudly embracing diversity in all
of s manifestations.




Clinical & Translational Science

#rafat advancing health through research

b
ok
Faculty Positions in Clinical Research

The University of Massachusetts Medical School and its clinical partner, UMass Memorial Health Care, have identified
the expansion ol clinical and translational research as a major institutional priority, The new Department of Clinical and
Translational Science will play a leading role in the expansion of the clinical research enterprise at the University of
Massachusetts Medical School and UMass Memonial Health Care and will be housed i the 258,000 sq. 1. Advanced
Lducation and Clinical Practice Center. currently under construction.

The University ol Massachusetis Medical School 15 one of the fastest growing medical schools in the country, attract-
ing more than 5174 million in research funding annually. The University of Massachusetts Medical School has built a
reputation as a world-class research institution, consistently producing notewonhy advances in clinical, epidemiological
and basic research. University of Massachusetts Medical School Taculty member, Craig Mello, PhD. along with Andrew
Fire, PhD Trom Stanford University, shared the 2006 Nobel Prize in Physiology or Medicine [or the discovery ol RNA
interference.

[ the first phase of development ol the Department of Clinical and Translational Science, three senior tenured or tenure-
track faculty will be recruited 1o head up three major Divisions in the Department. We seek leaders to build strong research
and education programs, and core support lacilities, in Epidemiology and Biostanstcs, Bioimlormatics, and Community
Research within the new Department of Clinical and Translational Science. These Divisions will support the mission off
the Department of Clinical and Translational Science to promote the development of a broad agenda in clinical. epide-
miological, and translational research in order 1o positively impact the health of commumties and populations. and to
serve as a national model Tor others.

The Directors will develop Divisions that perform internationally recognized research, education., and service, providing
support lor interdisciplinary research and educational programs that link basic. clinical. and translational research within
the Medical School, the Graduate School of Biomedical Science. the Graduate School of Nursing, the UMass Memaorial
Health Care system, and the wider Central Massachusells community.

Division of Epidemiology and Biostatistics: In addition to their own rescarch, faculty in this Division will support
rescarch programs ol investigators from clinical and basic science departiments in developing innovative methods for
epidemiological and statistical analysis ol clinical trials, observational studies, outcomes research, and health services
research. This Division's Taculty will play a major role in teaching epidemiology and biostatistics in clinical research
training programs including an MS degree in clinical research and a recently inttiated PhD Program in Clinical and
Population Health Research.

Division of Bioinformaties: Beyond their own research. faculty in the Division of Bicinformatics will support rescarch
programs of investigators [rom clinical and basic science departments. We are particularly interested in bioinformatics
research focused on genetie variation, proteomics. metabolism and bioinformaties in populations enrolled in observa-
tional studies, randomized wials. and large discase registries. Faculty in this Division will play a major role in weaching
bicinformatics in the graduate PhD and clinical research training programs.

Division of Community Research: Faculty and stall in this Division will work to ensure that clinical and translational
rescarch conducted throughout the institution is integrated into the community. Responsibilities include promoting com-
munity and health care provider participation in clinical and translational research; and leading efforts to increase levels
and diversity ol subject participation in rescarch, The laculty in this Division will participate in developing a curriculum
and trmining clinical investigators in community-based participatory research. A strong track record of peer-reviewed,
community-based rescarch will be required.

Apphcants Tor these Division Director positions must have an MD and/or PhD degree. postdoctoral expenence or equiva-
lent training and an outstanding record of rescarch achievements. Candidates must be committed 1o excellence in graduate
education and a track record ol independent external funding for their research. Applicants must have shown leadership
experience as well as the ability 1 work as part of an interdisciplinary team.

Applicants should send a CV, statement of rescarch interest, and names and addresses of three references 1o: John L.
Sullivan, MD, Chair, Department of Clinical and Translational Science, Vice Chancellor for Research, Office of
Research, S1-859, University of Massachusetts Medical School, 35 Lake Avenue North, Worcester, MA 01655-0002,
Documents may be submitted electronically at DCTSd& umassmed.edu.

The Universitv of Massachasetts is an Affirmative Aotion/Egual Opportumiiy Emplover:
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Basic Scientist Faculty Position

Meonatal Pulmonary Biology/Vascular Biology

fion of Meomatchgy & eoruling a basic soeniis! w
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G. Ganesh Konduri, MD # Chief of Neonatology
Department of Pediatrics
Medical College of Wisconsin
8701 Watartown Plank Road = CCG410
Milwaukes, WI 53226
414-266-6820
gkonduri@mew.edu

Chidren's Hospital A0
.an."'bm}l:hsgpﬂun‘ t‘l}:!l..T_EGE
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Children's Specialty Group=
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Careers with Mass Appeal

Assistant Professor Clinical Toxicologist
Department of Clinical Laboratory and Nutritional Sciences

The University of Massachusetts Lowell is conducting a search for a Clinscal
Toxicologist for a enure-track faculty position o assess the impact ¢
||:|:|.||||1:|.ﬂ|.1f.1,'|!uri||g and related emergmng technologees on human health and the
envvironment, Knowledge and expenence with liqued chromatographyltandem
LSS SPeCTIOSCOpY L[.Eilf.'fi.‘:inl is required 1o determine and quantizare novel
bioanarkers in body fluds and mssues to evaluate the toxacity assooated with
the occupational and environmental exposure to the processes and products of
current and luture r'lJ|1|.|1|:|J.|:|'||.F:'|\lul'i|'|g ]!lf’:i:lh.':il!lll’!"!. The Fac ullg.' !!luhi!u:rl! will be in
the |’Jup:|rt|:||ent of Chmical |..1|1|.r.1.|:||r:\.' angd Mutntmial Sciences and the suoressdul
applicang will work m dose collaboration with ether faculty m the School of
Health and Environment as well as the NSF Manoscale and Science Engineering
l::::l:ll.'r bor ||.iH|'| Rate }\:.nmm;lnll .|1.11|.|'i||£_ .'||:|;l llw Inww.'ﬂ {:mln' al |:.:u1. 1!.1I.1.‘E il
Manomanafacturmng at the University. The indsvidual will be requered 1o carry
out a funded research program and teach undergraduate or graduate courses in
Climical Biochemasary, Chncal Toxicology or related subjects.

Thes position 15 available at the Assistant Professor level, but more senior
appomiments will be considered for candidates with an outstanding record of
research and weaching.

For additonal informagon on this opening, please visi
hitpetfwwaw.umledwhrfjobpostings

Applications will be received until position is filled. The position will start in

Seprember, 2007, Applicants are requested o send curniculum vitae, statements
teaching and rescarch interesis, and a list of three references e

Search Committee Chair, Professor Evgene Rogers PhDn., MT [ASCP),
Depanment of Clinical Laboratory and Mutritional Sciences,
University of Massachuscers Lowell, 3 Solomont Way, Suite 4,

Lowell, MA 01554 USA

Job Reference #FCO2030602
Email cover letter and resume to chroxicology@®uml.cdu
Please include reference number in subject line of email.

Unrversity of Massachusetts Lowell 15 an Equal OpportuniywAffrmatne
Action, Title IX, H/V, and ADA [990 Entpiayer.

CHINFSE ACADEMY OF SCIENCES
Pl Recruitment

The Institut Pasteur of Shanghai (IPS), Chinese Academy of Sciences 15 secking
outstanding young Principal Investigators with previous experiences in HIV,
hepatitis B and C. and emenging viruses causing acule respiratory infection
1o reinforce its world-class research projects in innovation and discoveries of’
methods o prevent and treat viral diseases, including the development of vac-
cines and treatments, The mission of [PS, CAS 15 to promote and facilitale basic
research on virus eniry and release, vines assembly in host cells and inlemction
between viral proteins and host fxctors, The scope of the research covers the
widerstanding of the natural history and mechanisms of viral infection and
pathogenesis amd e host immune response

@ SEREE S E i S {9
INSTITUT PASTELUR OF SHANGHAIL

Candidates shall have a Ph.D. in basic virology and immunaology, viral patho-
genesis, anfi=viral vaccine development or viral immunology with ouistanding
accomplishments in intemationally well-known institutions, and a good track
record of publications in high-level intemational journals, Candidates may be
cligible for the 100 Talent program from the Chinese Academy of Sciences.
Candidates should be able to develop new projects based on national key proj-
ects and conduct good rescarch work inthe ficld, IPS, CAS offers a large pancl
of core facilities and excellent working conditions m a highly collaborative
environment and in strong connection with the Chinese Academy of Sciences
and Pasteur [nstitute networks. Candidates should be able 1o work full time in
the Instiute. The successful applicants will also demonstrale a commitment
1o post-graduate level teaching and traiming program.

The initial appoimtment is fora perod of three vears, renewable upon evaluation.
Competitive salary will be commensurate with expenences and qualifications.
Applicants should submat electronically a full CV (in English) that inclsdes his-
tory of training, employment, awards, achicvements, a publication hst, iwo-page
summary of research interest in the proposed fields of rescarch, three letters of
recommendation and dates of availabality pre ferably by March 30, 2007 for first
batch of review to: Ms. Caroline Wu, Institut Pasteur of Shanghai, CAS, 225
South Chongging Road, Shanghai, 200025, China; Tel: B6-21-6384-2921;
Fux: 86-21-6384-3571; E-mail: nwuwisibs.ac.en Personal data collectod will
be used for recruitment purposes only. Please contact the following websile
for further information: www.shanghaipasteur.ac.cen

Postdoctoral Fellowships
Dartmouth College
Life Sciences

The Department of Biological Sciences at Dartmouth College, with fund-
ing from the Howard Hughes Medical Institute, secks applications for two
HHMI Postdoctoral Fellowships in the Life Sciences. The HHMI Fel-
lowships are two-year, non-tenure track positions with NIH NRSA scale
salaries amd comprehensive Dartmouth health benefits; they are designed
to prowide further training to beginning postdoctoral fellows in the ars of
teaching and research. Each fellow will pursue a life science-related research
project in the laberatory of a Dartmouth faculty member from an appropriate
department in the Arts and Sciences, Medical School. or Engineering Schoal.
Collaborative projects that involve more than one laboratory at Dantmouth
will also be considered. In addition, during cach of the two academic years
that span their fellowship, each fellow will be paired with a senior faculiy
member with whom they will co-teach an undergraduate course in biology,
thus receiving substantial training wnder the guidance of an experienced
faculty mentor. The goal of the HHMI Fellowships is to ensure that the
fellows develop strong rescanch and teaching credentials,

Applicants should prepare a cover letter, in which they indicate up to three
laboratories with which they would like to be afiliated (contact with these
laboratories prior to application submission 15 encowraged but nod required;
see http:Awww.dartmou thoedo~biology/H HM Ipostdoc. hitm] {for more
information}, a curriculum vitae, and a statement of carcer goals and 1each-
ing inerests. These materials, plus three letters of recommendation from
individuals qualified to comment on the applicant’s credentals, should
be sent to HHMI-Fellowsi@ mac.dartmouth.edu, Materials may also
be submitted by FAX (603-646-1347) or U. 5, mail (HHMI Fellowship
Search Commitiee, Depariment of Biological Sciences, 6044 Gilman,
Dartmouth College, Hanover, New Hampshire 03755). Consideration of
applications will begin on 16 April 2007 and centinue until the positions
are filled. Fellowships will nm for two vears and could begin as carly as
1 Sepiember 2007

Dartmanth Callege i an Equal Oppartuniny/Affirmative Aciion Emplaver:




OTOLARYNGOLOGIST

The Section of Orolaryngology - Head and Meck Surgery at
Dartmouth-Hitchcock Medical Center seeks a board certified
or board eligible Otolaryngologist for a full-time faculty posi-
tion, The candidate should possess an interest in an academic
career and in the education of medical students and resi-
dents.This position will combine a general otolaryngology
with a subspecialty practice in otology or pediatric otolaryn-
gology. Fellowship training in otology/ neurotology or pedi-
atric otolaryngology is desirable, Research interests will be
encouraged. Academic rank will be commensurate with qual-
fications and experience.

Interested applicants are encourage to send letters of
inquiry and CV to:

Daniel Morrison, MD, Chairman
Section of Otolaryngology - Head & Meck Surgery
Dartmouth-Hitchcock Medical Center
One Medical Center Drive
Lebanon, NH 037568
Telephone: 603-650-81213

DarTMOUTH-HITCHCOCK
MEebDIcAL CENTER

Carmeouth-Hicheock Medical Center b an affirmative actionlequal opportunicy
employer and is expecilly interested in identifying fermale and minoricy candidates.

www.DHMC.org

Max-Planck-Institut Hir
Ziichtu ngs[nrs{-hn ng
Max Planck Instrtute for Plant Breeding Research

International Max Planck Research Schoal:
“The molecular basis of plamt development and
enviranmental mieraclions”

10 Ph. D. Studentships

Tha Max-Planck-Institute for Plant Breeding Rossarch together with the
University of Cologne, the Institute of Biosrganic Chemistry [Poznan, Poland), the
Imgtitute for Plant Sciences (GIf sur Yvars, Francel and the Biologicsl Research
Centre (Szeged, Humgaryl invite applications for Ph.D. fellowships as part of the
Intermational Max Planck Research School (IMPRS) in Cologne (Germany)

The IMPRS is intended for highly motivated students with a strong training in
molecular sciences. The constelation of participating institutions provides excel-
lent conditions and expertise in plant genatics and biocheamistry, structural biolo-
gy/bioehomistry, coll biology, and molecular miciobiology. The training includes
roguiar seminars, supenigon ol a thesis commes of the research school, sah
skill courses, practical courses on e.g. reverse genetics, non-imvesive imaging,
3-D-structursl analysis of proteins, bininformatics, and novel mass spectrom ery-
based protein bischamistry at the participating mstitutions. The program is Laught
in English and open to students from all countries holding a Master's degree or a
Diploma

For detailed information about the application process and the Ph.D. program
please visit the IMPRS homepage at www.mpiz-koeln.mpg.de/english/student
Infarmation/index. itml. Deadline for applications is March 30, 2007,

Tha Max Planck Society is an equal opportursty emplayer. We highly encourage
lemale seientists to apply for the program. The felmwship application should be
mailed 1o;

Max Planck Institu

for Plant Brecding Research
IMPRS - Maolecular Basis of Plant Develapment
Scientific Coordinator
Carlvon-Linab-Weg 10
50829 Cologne / Garmany

ar

MAX . FLANCE.CESELLSCHAFTY il el

VANDERBILT UNIVERSITY
SCHOOL OF MEDICINE

Faculty Position
in
Drug Disposition and Metabolism

The Division of Clinical Pharmacology at Vanderbilt University
School of Medicine is recruiting a tenured or tenure-track Fac-
ulty member i the lield of Drug Disposition and Metabaolism.
Avreas such as drug pharmacekinetics and pharmacody namics,
drug ansporters/receptors, and mechamsms of drug metabo-
lism are of high imerest. Vanderbilt has a superb environment
related 1o Pharmacology and Clinical Pharmacology and pos-
sesses outstanding cores 1o support this rescarch,

Candidates with an M.D. and/or Ph.D. should send a curriculum
vitae, statement ol research interests, and at least three support-
ing letters from mentors or colleagues to:
D Jason Morrow, Chiel
Division of Clinical Pharmacology
Departments of Medicine and Pharmacology
536 RRB. Vanderbilt University School of Medicine
Nashville TN 37232-6602
Tel: 6153224785
Fax: 615.343.9659
Email: jason.morrow(m vanderbili.edu

Fanderbilt University School of Medicine is an
Eqra! Opportuniny/ Afformative Adction Empfover,

John B. Pierce Laboratory/ _-; 2,
Yale School of Medicine/ g >
Yale University & S
Y -4
..“933'.'

The John B, Pierce Laboratory, an endowed rescarch institute affiliated
with Yale University, sceks tocxpand its research program inbody energy
balance by adding two outstanding scientists with active rescarch pro-
grams in metabolism and/or environmental physiology.

METABOLISM/ENVIRONMENTAL PHYSIOLOGY

The Laboratory takes a systems approach 1o physiology, imegrating
physiology with molecular biology, bicchemisiry. neuroscience, behay-
we, and epidenmology. Programmatic mterests include, but are not
limited to. thermoregulatory, metabolic, and cardiovascular responses
by humans and/or ammals wo environmental stmuli. Jomt apponments
are anticipsted in the Depantment of Epidemiology and Public Health,
Yale University School of Medicine.

Candidates should show evidence of ability to obiain external funding,
Rank of appomtment s open.

The Laboratory offers competitive salary, benefits, and start-up, as well
s an outstand ing work eny ironment. Applicants should submit hard and
clectronic copics of OV, description of rescarch inferests, s¢1 of represen-
tative publications, and names of at least three references 1o:
Chair, Metabolism/Environmental Physiology Scarch
The John B. Pierce Laboratory, Ine.
290 Congress Avenue
New Haven, CT 06519
Electromic copics: metscarchia jbpicrec.orgs

Eeview of applications will begin on March 1, 2007, and continue until
the positions are filled,

EQE/AA www.jbpicree.ors
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ROBERT C. PRI HEALTH SCIENCES CENTER

Associate Professor or Professor
Center for Respiratory Biclogy
and Lung Disease

As part of @ major growth initiative suppored
by anew Strategic Rescarch Plan (SRP), West
Virginia University Health Sciences Center
ifvites applications from oulstanding scientists
1o join the Center for Respiratory Biology and
Lung Diseases, The Center 15 one of six inter-
disciplinary rescarch centers being established in
accordance with the SRP (Seience, Sept. 8, vol.
313, p. 1461, 2006). Preference will be given to
faculty with established research programs and
credentials for appointment as Associate Profes-
sor or Professor {lenure-track ) m either a basic
seience or clinical department in the School of
Medicine. The goal of the Center is to develop
an interdisciplinary group ol collaborating basic
and clinical scientists focused on translational
research in respiratory biology and lung discase.
We are secking investigators that explore cellu-
lar, molecular or genetic mechamsms of asthma,
COPD or inflammatory lung injury resulting
from viral, bacterial or environmenial exposures.
Respiratory complications due 1o childhood or
adult obesity and associated vascular disorders
are also a high priority,

Appointee must have transferable NIH-RO]
funding and a desire 1o participate in either
graduate and’or health professional educa-
tion. The Health Sciences Center has seven
inerdisciplinary Ph.D. programs ond a join
M.D.Th.D. Scholars Program in the Biomed:-
cal sciences which include graduate faculty from
multiple departments. Appointee will receive a
generous start-up package, competitive salary,
laboratery space and be named a Wyeth

Rescarch Scholar,

Qualifications: A Ph.D., M.D., or M.D./Ph.D.
with significant research accomplishments,
Applications should include curmculum vitag,
cover letter with a brief deseription of rescarch
interests and the names and addresses {nclud-
ing e-mail) of three references. E-mailed
applications with attachments are preferred
and should be addressed o Sandy Ammons:
sammonsa hse.wvu.edu, Mailed cormmespon-
dence should be addressed to: Richard I, Dey,
Ph.D. Search Commiitee Chair and Director,
Center for Respiratory Biokgy and Lung Dis-
case, MO Box 90130, West Virginia University
Health Sciences Center, Morgantown, WV
26506-9130 (rdevie hsewviedu), Review
of apphcations will continue until positions

are filled.

West Vinginia University is a comprehensive,
public Camegie-designated Rescarch mstitution,
with approximately 23,000 undergraduates plus
5,500 graduste and professional students, The
Health Sciences Center located on the universily
campus includes the Schools of Medicine, Phar-
macy, Dentistry and Nursing; cach having both
health professional as well as graduate trainimg
programs, Two new research buildings which
collectively provide 200,000 sq i of additional
research space are under construction at Health
Sciences 1o accommaodate our rescarch growth
agenda. Morgamtown hos 55,000 residents and is
rited as one of the best small towns m the U5,
with alferdable housing, excellent schools, a
picturesque countryside and many outdoor
aclivities,

Wiest Viegimia Universite is an Affirmative
Action/Equal Oppartunity Employver.

E West VirginiaUniversity
ROBERT C. BYRD HEALTH SCIENCES CENTER

School of Pharmacy

Professor or Associate Professor

In accordance with the WYU Health Sciences Center (HSC) Strategic Research Plan (SRFP)
(Seierree, Sept. 8, vol. 313; p. 1461, 2006), we ane secking an outstanding scientist to be appointed
as a Wyeth Rescarch Scholar. The SR is designed to expand research in specific theinatic areas
through the building of Interdisciplinary Research Centers for ncuroscience, cancer cell biology,
cardiovascular sciences, respiratory biology and lung diseasces, immunopathology and microbaal
pathogenesis, as well as diabetes and obesity. Appointee will be a member of a Rescearch Center
and have a pnmary faculty appointment in the School of Pharmacy. Candidates should have
expericnee in health professional education and graduste rescarch training, Candidates with bio-
miedical research imerests in either cardiovascular discases, diabetes and obesity, or lung discascs
are prefermed for the Gitle of Wyeth Research Scholar, Appoinice must have a transferable N1H-R0O1
funded rescarch program.

Qualifications: Ph.D. or M.D. with significant research expenence. Submit (e-mail preferned)
curniculum vitae with comtact information for three references to: De. Patrick Callery, Search
Committee Chair, WYU School of Pharmacy, PO Box 9530, Morgantown, WY 26506;
pealleryighse.wvuedu,

Associate Dean for Research and Graduate Studies

e School of Pharmacy is secking an outstanding investigator as Associate Dean. The incumbent
will be expected v maintain an active independent rescarch program and develop collaborative
rescarch efforts among the Departments of Basic Pharmaceutical Sciences; Clinical Pharmacy:
and Pharmaceutical Sysiems and Policy within the School of Pharmacy. The Associate Dean
must also advance the goals of the WYU Health Sciences Center (HSC) Strategic Research
Plan (SRP) (Scicnce, Sept. 8, vol, 313, po 1461, 2006) and 1s newly formed six Interdiscaplinary
Research Centers. The position will be filled at cither the Professor or Associate Professor rank
with expectations of the appointee w devote approximately 50% efTort to admin strative dutics and
50 effort toward rescarch. Preference will be given io candidates with both pharmacy education
and Ph. D). research training. Appointee must have a transferable NITH funded research program. The
Associate Dean must have a broad vision of imerdisciplinary, translational and clinical research
relevant 1o a School of Pharmacy, a record of leadership expenience and excellent interpersonal skills.

Qualifications: Ph.D. with significant research expericnce. Submit curriculum vitae and contact
information (including e-maily for three references w: Suresh Madhavan, PhD}., Search Com-
mittee Chair, West Virginia University School of Pharmaey, PO Box 9510, Morgantown, WY
26506; smadhavani hse.wyu.edu

Douglas Glover Endowed Chair for Clinical Pharmacology Research

In accordance with the WYL Health Scicnces Strategic Research Plan (SRP), the School of

Pharmacy 15 seeking an outstanding scientist, educator and leader 1o seive as the Douglas Glaver
Chair for Clinical Pharmacology Research. The Health Sciences rescarch growith agenda includes
the building of six thematic Interdisciplinary Research Centers. Excellent opportunitics exist in
cach thematic arca for collaborations with faculty involved in drug discovery and therpeutics as
well as health outcomes rescarch. Appointee must direct a transferable NIH-RO1 funded rescarch
program and have credentials for appoiniment at ithe Associaie Professor or Professor level. The
appointed investigator will be cxpected o establish a major rescarch program related to basic clinical
pharmacology. Patient care facilities at Health Sciences include a 460 bed University Hospital, an
adjacent 70 hed Paychiatric Hospital, the Mary Babb Randolph (MBR) Cancer Center and a recent
S0 bed addition to the Hospital,

Qualifications: Ph.D}. or M.D. with significant research experience. Submit {e-mail preferred)
curriculum vitae and comact information for three references to: D Patrick Callery, Search
Committee Chair, WYU School of Pharmacy, PO Box 9530, Morgantown, WY 26506;

[lca].lllr;i'-‘u'h\ic.“ vuedu,

The Health Sciences Center — General Information: West Vieginia University is a public, com-
prehensive. Camegie-designated rescarch institution, with approximately 23,000 undergraduates
plus 5500 graduate and professional students. The Health Sciences Center located on the University
campus includes the Schools of Medicine, Pharmacy, Dentistry and Nursing: each with both health
profiessional and graduate training programs. Two new rescarch buildings which collectively provide
200,000 s Ntofadditional research space are under construction at Health Seiences to accommuodate
our research growth agenda. Core facilities exist for proteomics, flow cytometry, confocal micros-
copy, gene chip analvais, cellular imaging, molecular modelng, ransgenic bology, functional brain
imaging { IMEI & PET/CTyand pharmacogenomics. Morgantown has 35,000 residents and is rated
as one of the best small wwns in the LS., with affordable housing, excellent schools, a picturesque
countryside and many outdoor activities. Appointees will receive research space. a competitive
salary and start-up funds. Scarch processes will continue until all positions are filled.

Wt Vinginig University iv an Affirmanive Action'Equal Oppartnity Emplaver
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Vice Provost for Research and Economic Development

'!111, State University of New York System Administration, located in Albany, New
Yok invites nominations and applications for the position of Vice Provost for
Research and Economic Development. The Vice Provost will work with Taculty,
deans, viee presidents for research., provosts and umiversity presidents [rom
g throug hout the fd-campus SUNY system o lesd and promote SUNY's research and
ceononic development agends,

The Stte University of Mew York is the lurgest comprehensive university system i the
United States, with 10 doctoral degree gramting institutions including two research universities tha
are members of AALL

\
o TR

This i= a newly-created position within the SUNY Provost’s office. The Viee Provost will be part
of the senior admimstrative eam making decisions and recommendations affecting the academic
and research strength of the component campuses. The first major challenge will be the allocation
of a large |..\|H:u|.-.l nere et of salary and star-up funding that will comtinue the university's
progrum of “cluster hiring™ in areas likely 1o win laee grant suppon. In addition, the Vice Provost,
working with the Provost, will have the challenge of working with eampus administrators to recruit
and retain strong graduate students in order o enable the SUNY system both 1o meet its overall
reseirch goals and o recruit and refain the strongest research faculty on the individual campuses,

The Vice Provost will serve as the Proviost's liaison 1o the Research Foundation, a private nonpofin
educational corporation that administers extermnally funded contracts and grants for and on behall of
the State University of Mew York, The sponsored program granis and gifts awards were in excess
of 5750 million in the 2005-06 fiscal year,

The Vice Provost will provide energetic leadership in IJL"t_IIIi.II} and promoling synergistic research
opportunitics among SUNY campuses, and will provide vision. cnergy and leadership for a rescarch
and economic l.ku.lnpm. ni agenda linking SUNY with the entire Staie of New York

As a senior member of the academic affairs team, it is expected that the Vice Provest will have an
camed doctorate or equivalent degree and have had experience as a faculty member in a research
university setting. The individual should have held the position of full professor with teaching and
research accomplishments suitable for a tenured position at one of our campuses,

The search 15 being co-chaired by Provost Satish Tripathi { University st BulTalo) and Provost Boben
MeGirath (Steny Brook University) Apply online 1 www.suny.edwSUPEmployment o email
resume  and  letier of application  clearly  idemtifving vour intcrest by  job dile to:
VPResearch@ svsadmsunvaedu o mal it o Viee Provost for Rescarch and Economic
Development Scarch Commitier, State University of New York System Administration, Roosm
T-801, State University Plaza, Albany, New York 12246, The anticipated stan date is May 1, 2007,

The Srte Universine of New Fork is an EEOVAA emplover, Womien, wdiworiny persors, disabled workers
rnellior Vietnam Era Veterans or offier protected velerans are enconraged 1o applv.

Director
Dell Pediatric Research Institute
The University of Texas at Austin

The University of Texas invites applications and nominations for the position of Director of the Dell
Pediaine Research Institute (DPRT). The successful candidate will play a pivotal role in creating
this major new biomedical research mstitute, DPRT will be the first of several mstites planned
for a new Health Research Campus at UT Austin located approximately three miles from the main
UT Austin campus near downtown Austin within a 711 acre, new urban village. The DPRI will
be housed in a new 150,000 i* building with capacity for 28 semor faculty and their research
programs. The DPRI Director will be expected to play a major role in recruiting these Taculty;
generous compensation and start-up packages will be available, We expect strong interactions
between DPRI scientists and those on the UT Austin main campus.

We are secking a dynamic leader with demonstrated expenence in adminisimtion and communica-
tion, ability to lead a major biomedical research unit, and ability 1o intersct well with both private
supporters and public education leaders in the state, Additionally, he or she must have an eamed
Ph.Dy. or M.D. with a demonstrated record of accomplishment i biomedical rescarch. The Dince-
tor will report o the Exceutive Vice President and Provost and the Executive Vice Chancellor for
Health Affairs through the Dean of the College of Nawral Sciences.

The University of Texas at Austin is the flagship university of the UT System’s 15 academic and
health mstitutions, Among the top research umversities i the US, UT Auvstin is home (o almaost
50,000 swadents, 2,700 faculty and 17,000 staflf members, the largest praduate program in the nation,
and one of the langest il student enrollmemts. The University received more than 5300 million
in grants and contracts, had more than 96 patenis awarded last vear, and has recently completed a
successlul seven-year capital campaign resulting i gilts totaling nearly $1.55 ballion.

Please submit a letter of nomination or interest and for the latter, a statement of expenence and
curnculum vitae to; D Mary Ann Rankin, College of Natural Sciences G2500, 1 University
Station, The University of Texas, Austin, Texas TET12. For additional information please see
hitp: fens.ntexas.cdu'd pri.

e University of Tevas i an Equal Opportunity Emplover:
Chaalified wonnen and minovities arve encoewraged fo apply,

B WestVirginiaUniversity

ROBERT . FRD HEALTH SOIENCES CENTER

Associate Professor or Professor
Center for Immunopathology and
Microbial Pathogenesis

As part of a majpor research growith initiative
supperied by o new Strateghe Research Plan
(SRP), West Virginia University Health Sci-
ences Center 15 recnuating an owstanding sci-
entist to join the Center for Immunopathology
and Microbial Pathogenesis, The Center 15 one
of six interdisciplinary research cenlers being
established in accordance with the SRP (5ci-
erce, Sepl. &, vol. 313, p. 1461, 2006), A major
goal of this imterdisciplinary center is to foster
collaborations between basic and clinical inves-
tigators at Health Sciences. We are especially
interesied in scientisis with established research
programs who have credentials for appointment
at the Associate Professor or Professor rank in
the School of Medicine. Appointee must have
transferable MIH-RO1 funding and a desire 10
participate in either graduate and/or health
professional education. Health Sciences has
seven interdisciplinary Ph.D, programs smd
a joint M.DVPh.D. Scholars Program n the
biemedical sciences.
The successful candidate will receive a gener-
ous startup package, competitive salary amd
excellent laboratory space. We seck inves-
tigators across broad arcas of immunology,
mflammatory discase or immunopathology
who are utilizing molecular bislogy and/or
maolecular genetic approaches in their research.
Collaborative efforts with caher basic scientists
as well as physician-scientists ot the Health
Sciences Center who are investigating inflam-
matory bowel discases, viral mediated chronic
respiratory discases, pathogenesis mediated by
biofilms, or inflammatory mediated vascular
wijury are being encouraged. The candidate’s
tenure-track faculty appointment will be in a
basic science or clinical depariment. For ihis
specific position, appomtment would likely be
in the Department of Microbiology, Immunol-
ogy and Cell Biology or the Depaniment of
Biochemisiry.
Qualifications: A Ph.D., M.D. or M.DU/Ph.D.
with signilicam research accomplishments,
Applications should include curmiculum vilae,
a brief description of research interests and
contact information {including c-mail) for three
references senl to: Christopher Cull, PhD.,
Search Committee Chair, Center for Invmu-
nopathology & Microbial Pathogenesis, PO
Box 9177, West Virginia University Health
Sciences Center, Morganiown, WY 26506-
9106. Review of applications will continue
umtil the position is filled.
West Virginia University is a comprehensive,
public Camegie-designated Research institution,
with approximately 23,000 undergraduntes plus
5,500 groduste and professional students. The
Health Sciences Center located on the university
campus includes the Schools of Medicine, Phar-
macy, Dentistry and Nursing: each having both
health professional as well as praduate tramming
programs. Two new rescarch buildings which
collectively provide 200,000 sq i of additional
rescarch space are under construction st Health
Sciences to accommodate our research growth
agenda, Mongantown has 55,000 residents and is
rated as one of the best small towns in the U8,
with affordable housing, excellent schoals, a
picturesque countryside and many outdoor
aclivities.

West Virginia University is an Affirmative

Action/Equal Opportunicy Enplover




Dream. Challenge. Su

Director of the Stroke Program

The University of Kentucky - Lexington, KY

The University of Kentucky invites opplicotions and nominations for the posifion of Director of the Stroke Frogram. The Stroke Program is housed in the Sandears
Brown Cenler on Aging of the LE College of Medicine. In 1987, the SandersBrown Center on Aging was dasjgnulad by the Kentucky Council on Higher
Education as a University Cenler of Excellence in Stroke. To implemani this designation, the SondersBrown Cenber received an allotment of funds lo establish the
Stroke Program as a mulli-disciplinary enterprise focused on stiroke prevention, reatment, rehabilitation, ond research. Within the University of Kentucky, the
Stroke Pragram has become the ulerum of vigerous reseorch activity in the clinical, behovioral, ond basic sciences relating to circulobory disease of the brain

The position of Direclor is supported by endowment funds combined with recurrent slale-based funding, stalf support, and extensive office labaralory spoce in
the Sonders-Brown Center on Aging. The Direclor will be expected to implement a vision for confinued growth ond development of the Stoke Frogram to
further enhance the nclicnal prominence of the University of Kentucky in this field. Candidales for the posifion should have an M.D., Ph.D., er M.D_/Ph.D.
degres. Acodemic neurologists or newosurgeons with necessary experience and boord cerfificafions to qualify af the Professor level will be given preference,
We seek an individval with o sustained record of MIH funding and a nalienal finlernationol repulation for his or her investigotive occomplishments in stroke,
Although all areas of investigative research pertinent ko stioke will be comsidered, we are particularly interested in (1) CHS plosticity, recovery, rehabililation,

neurcimaging, and |2) molecular biclogy, genetics, and cell signaling as applied to neural injury/sroke.

Application materials should include o leter, curiculum vilos, and the nomes, oddresses, and email

oddresses of three or more references. Submission of matericls vio email ottachment is strongly
encouraged. Applicafions will be reviewed as they are received until the position is filled. Maminations,

inquiries, ond expressions of interest should be forwarded in confidence ta;
Rebecea Copeland, Dean's Office/College of Medicine

MN150 UKMC, 800 Rose Street, Lexington, KY 40536-0298
Phone: 859-257-3841; Fax: 859-323-2039; Email: rbeopel @ uky.edu

Upan offer of em

The Universifty of Kenfucky

UK

UNIVERSITY OF KENTUCKY
College of Medicine

m SCHOOL OF BIOMEDICAL SCIENCES, THE UNIVERSITY OF QUEENSLAND, BRISBANE, AUSTRALIA

Professor and Chair of General
Physiology

The rola: Actively participate in the school's teaching program at beth
undergraduate and postgraduate lewels; play an important academic
leadership role with the school and the wider University community,

The person: The school is particularty interested in encouraging applicants
wilh research programs wsing molecular and genomic/pratecmic approaches
toimaestigate physiclogically significant problems; applicants must have a PhD
of & rmedical degres and be competithve within the Austrakan research funding
schemes; opportunities exist for joint appointments with Institutes and other
schools; the University is seeking to make appointments as soon as possible
and preferably befors the end of 2007.

Remuneration: AUDS147 277 p.a. (Prolessor), including 1 7% superanmuation
contributions. Full-time continuing appointment.

Contact: Oblain the position description and selection criteria online or
contact Professor David Adams, telephone +61-7-3365-2805 or amail
dadams@ug.edu.au.

Applications closa: 12 March 2007. Referanca No: 1017180,

Professor of Regenerative Biology

The role: Actively participate in the school's teaching program at both
undergraduate and postgraduate levels; play an important academic
leadership rola with the school and the wider University community.,

The person: Tha school iz particularly interested in encouraging applcants
with reseanch programs invoiving genetic interactions, genomic reguiatony
networks, developmental variation and desease, organ regenaration and
tissue repalr; applicants must have a PhD or a medical degree and be
competitive within the Australian research funding schemas; opportunities
edst for joint appointments with institutes and other schools; the University

is seaking 10 make appointments as soon as possible and preferably belone
the end of 2007,

Remuneration: ALIDE147, 277 p.a. (Professar), including 179% suparannuation
contributions. Full-time continuing appointment.

Contact: Obtain the position description and salection critaria online.
To discuss the role contact either Professor David Adams, lelephone
+61-7-3365-2905 or email dadamsdug.edu.au; or Professor Brian Key
tedephone +61-7-3365-2865 or emall brian key8ug.edu.aw.

Applications close: 12 March 2007. Reference Mo: 3015648,

Lecturer / Senior Lecturers in
Developmental Biology (2 positions)

The role: Actively participate in the school's teaching program at both
undargraduate and postgraduate levels,

The person: The school is particularty interested in encouraging applicants
with reseanch programs involving genetic interactions, genomic regulatory
networks, developmental variation and disease, crgan regeneration and
tissue repair; applicants must have a PhD or a medical degree and be
competitve within the Australian research funding schemes; opporunities
exist for joint appointrments with Institules and other schools; the University
Is seaking to make appointments as soon as possible and preferably befone
the and of 2007.

Remuneration: AUDSTY 514 ~ £82,048 p.a. (Lecturer B) or AUDES4 855
- $109,488 p.a. (Sanior Lecturer C), including 17% superannuation
contributions. Full-time continuing appointments.

Contact: Oblain the position descriptions and sslection crteria onling.
To discuss the rodes contact either Professor David Adams, telaphone
+61-7-3365-20056 or email dadams@ug.edu.au; or Professor Brian Kay,
tedephong +61-73365-2955 or email brian. key@ug.edu.au,

Applications close: 12 March 2007. Reference No: 10308928/1039763.

How to apply:

B visit www.jobsatUQ.net to cbiain a copy of the position description and selection criteria.

PR Proicen Murmibar DINERS
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TIOMNS OPEN

NC STATE UP

ASSISTANT PROFESSOR
of PLANT PATHOLOGY

The Department of Plane Pathology ar North
Carolina State University, Raleigh, North Carolina,
invites applications for a tenure-track, 12-month
posttion i plant pathology. This position is primar-
ily rescarch ar the Assistant Professor level, The
individual must have a Ph.I). with training in cpi-
demiclogy, ceology, plant pathology, or a closcly
related fickd. The successful candidare wall build a
program that will provide leadeship in advancing
the understanding of plant discase epidemiology at
the population or ecosystem level. The incumbent is
cxpected 1o develop analyrical or smulaton mod-

cling methods that will further our understanding of

the spatio-temporal rends in epidemic development
in agricultural or natural ccosystems. The ndividual
will have the opportunity to collsborate with strong
ongoing programs in cpidemiology, discase fore-
casting, and population biology. The successful
candidate is cxpected 1o participare in the graduare
program by developing and teaching a course in
advanced epidemiology, mentoring graduare stu-
dents, and participating in other academic programs
within the Department of Plant Pathology. The
candidate hlling this position will have a competitive
startup package including technical support. Appli-
carions will only be received elecrronically, and the
posation will remain open untl a suitable candidate is
wdentified. For priority consideration, applicants
must submit North Caroling State’s online applica-
tion form and attach to that application curnoulum
vitae including a list of relevant publications, ran-
scapts, a deseription of research and teaching inger-
ests and goals, the names and contact information
for three professional references, and a cover letier
v March 31, 2007. To submit the required appli-
carion matenals, candidares should visic website:
http:/ /jobs.ncsu.edu fapplicants / Central?
quickFind=74948 and follow the instructions there,
For addmonal information concerning this posi-
on contact James Moyer, e-mail: james moyer@
nesu.cdu, Head, Department of Plant Pathology,
MNorth Carolina State University. Affimnative Adion

Equal Emplopmemt Opportomty, Nerth Candina State wel-
cormes ol prevsons witont regard to sexul onemation. Persons
watly disalviliries who meed acconmradaiions @ the application
Jprocess sonld contnt: Marci Walker, Department of Plani
Pathology, via felephone: J12-F15-6498, or a0 e-mail:
muarci_iwalkerta wesn.edu,

FOSTDOCTORAL ELECTROIHYSIOLOGIST

A Postdoaenl position is open for an in vitro
Electrophysiologist in an inrerdisciplinary group at

the ManoScence Technology Cenrer, University of

Central Florida {UCF), in Orlando. Our group is
interested in the development of high-throughpuit
drug screeningtoxin detection methods based on
intracellular/exceacellular recordings from neurons,
Job responsbilitics include whole-cell parch clamp
recordings from newrons, dual-clectrode recordings
from connected neuroms, chamcterizing drug cifcas
on currents and action potentals, extraccllular
recordings.

Requirements: Docroral degree in neuroscience
or related ficld, a solid background in whaole-cell
parch-clamp. Cell culewre, extraccllular recording,
and mathematical modeling expericnce is a plus.

Review of applicadons will starr Februarny 19,
2007, Candidates should submit curnculum vitae
including summary of past accomplishments, re-
search expenence, publications and three reference
letters to: Ms. Raji Natarajan ot 12424 Research
Parkway Suite 400, Orlando, FL 32826, e-mail:
rnataraj@mail. ucf.edu. Elecronic applicanons are
1.'I.'I|.‘l:|lll.11.'.1.'d. LCE ds i .'!,li'irm.n'r'l'n.' Aetion I:'.ur'p\.l.l]u'.r.
Women and miporitics are eoveraged fo gy, UCF mskes
all application waterials, induding wasenpes, and all search
m.rh'rl.?l'_r |II‘|I|II|IhII'..|;|rI"Hr']l-l' FEPTE" Ifrll'fl r:'.;||i|'<r. m nJ.'a'1|Fl!|IH."I'
wirle Moridie strtnres.
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POSITIONS OPEM
UNIVERSITY of CALIFORNIA, BERKELEY

Functional Genomics Laboratory
Assoctate Specalist /Specialist
Salary: Range 546,872 to $92,772
Closing, date: March 12, 2007
Deseription: The University of Califomia, Berkeley
Funeromal Genomics Laboratory (FGL) (website:
http: / /microarrays. berkeley.edu /)y 15 secking a
highly maotivated individual to oversee and manage
the operations of this campus-supported, mulg-user
core fadlity. The FGL specializes in gene cxpression
and other genomics-level analvses using stare-of-the-
art DINA microarray  technologies, Dutkes will in-
clude the planning and coordmation of the unit'’s
onginal rescarch together with the FGL Director;
consulting on and coordinating client projects; and
day-to-day management of the unit’s activities, in-
cluding supervision of the FGL's more umior em-
plovees and training of FGL client scentists, The
sucecssful applicant will manage the use of the umit's
DNA microarray instrumentation, which presently
imcludes an Affvmcrrix GeneChip Svstem, Agilent
microarray system, and robotics for qustom spotted
array fabrication, Dues will also include designing,
performing, and analveing DNA microarray-based ex-
perments, interfacing with FGL administrative staff,
and working directly with FGL saemtists and FGL
clients on projects involving DYNA microarray exper-
imentation, genetics, and statistics and bioinformarics,
Qualifications: Minimum of five vears of experi-
ence i maolecukar biology and genomics wechnoko-
gics, including hands-on experience with Affimetrix
GeneChip processing, sported army technology plat-
forms, and rolotics technologies. Ability to work
independently and supervise and manage muleiple
projects simulancously, Amention to detail, effecnive
organizational skills, and effective communications
skills { both wrinten and oral). Applicants must have a
M5, or MA. degree in the liological sciences or
related area; Ph.DD). is desirable but not essential.
To apply, candidares should send a cover leter
summariang his/her background and accomplish-
ments; curriculum vitae, including a list of publica-
tons; and the names of three people who can be
contacted for leters of recommendation to:
Functional Genomics Laboratory, ¢ /0 Helen Wills
Meuroscience Institute
Anm: Assodate Specialist/Specialist Recruitment—
FGL

132 Barker Hall #3190
University of California
Berkeley, CA 94720-3190
Resumies must be postmiarked no bager than March
12, 2007. The University of Califonna is an Epual
lfJfl]ll:lrrrumF.-.'I_.I'i'iul.'.lln'\r Action ]'.lr.'pk!]'\rr. Al .rrurr_ﬁr.!
applicants inclding minoritics @rd W o enanraged o
.r”lﬁ.'.

The Duke University Center for Computational
Immunology (website: hitp: /S www.duld.org) sccks
applicants tora POSTDOCTORAL FELLOWSHIP
e work on the development of an ontology and
knowledgebase for immunobiology and its formal
represcntation for avtomated reasoning. The sue-
cessful candidate will have a recent Ph.D}. in immu-
nology or biology and experience with a variety of
molecular and cell biology expenmental echnigues.,
Expericnce with ontology development, text mining
and information retneval, knowledge representation,
or automated reasoning is an added strength, but we
are prepared o provide wraining in those arcas,
Please subamit an application package conssting of a
letrer of interest containing contact informarion and
citizendng statns, curnculum vitae amd a one-page
statement of rescanch interests. Please amange to have
three letters of reference sent. The application pack-
age and reference ketters shoubd be submitted chee-
rronically, as PDF files, o e-mail: harrison.daniels@
duke.edu, The position wall remain open untl Alled.
Dhielee Ulnitversity i i Equel Oppornunity Engployer. Wonnen
and mcmbers qf'ummn] ¥ g |r.ll.i.-r.n-pr(_n'urq'.l i ihe w1
enices ane eacoarraged ro aply.

Agricultural
Research
=== Service
SUPERVISORY RESEARCH
MICROBIOLOGIST / ANIMAL SCIENTIST /
VETERINARY MEDICAL OFFICER
USDA/Agricultural Research Service
Matonal Animal Disease Center
Ames, lowa

The Pre-Harvest Food Safery and Entere Discases
Fescarch Unit conducts basic and applied rescarch
on the microbiobogical safery of foods of animal
origin and selected bactertal cnene discases of Bve-
stack. The unit is secking an experienced Supe rvisory
Rescarch Microbiologist, Animal Scienuse, or Verer-
inary Moedical Officer to perform individual rescarch
as well as provide leadership and management to the
rescarch unit, The suecessful candidate wall plan,
conduct, and repart independent rescarch on micra-
bial ccology of commensal intestinal populations
that affeet the health of the animal host, contribute
o the persistence of anomicrobial resistance, or im-
pact colonzation by food bome pathogens.

A Bachelor's degree in microbinlogy, animal
sciciee, or Doctor of vererinary medicine is required
to mect the basic requirements. Enowledge of mi-
crobiology, molecular biology, epidemiology, or ver-
crinary medicine to assess microbial ccology and its
impact on bacrenal colonization and pathogenicity is
highly desmable. For informancn on this position
cantact Dr. Kurt Zuelke at e-mail: keuelke@nade.
ars, usda.gov,

Candidates must be U.S. aitizens. Salary commen-
surate with experience. Range from 589115 o
5136.273. Comprchensive benefits package includes
paid annual and sick leave, life insurance, health
msurance, and a federal retirement plan, Vacancy
annaouncements and application information can be
obmined from the ARS w-:bsi':-c:hlqm:fj“ww,aﬁm
ars.usda. gov Adivisions /hrd /. For questions regand-
ing application procedures call Lynnette Richey,
telephone: 515-663-7278. Apphcations in response
tor this ad must be postmarked by May 1, 2007, and
refercnce vacancy announcement number ARS-X7W-
0116, Approved by Latania Maise on January 29,
20007, The USDAJARS s e Epud Opportupsty Provder
aind Emplisyer.

The University of Southem California/Norris
Comprehensive Cancer Cenrer of the Keck School
of Mediane at the University of Southem California
(UISC) secks applicants foor r':L'nllg. positions at the
ASSISTANT, ASSOCIATE, and FULL PRO-
FESSOR. level in the following arcas of cancer-
related rescarch: signal transducoon, cell cvele
regulation, apoptosis, autophagy, and animal models
of cancer. Other arcas of inmovative cancer-relared
research will also be conadered. Successful appli-
cants will likely be investigarors with funded rescarch
programs. Send a current curricululm vitae, research
plan, and three letters of reference to: D, Michael
Stalleup, ¢ /o Isabel Lora, University of Southern
California/Norrs Comprehensive Cancer Cen-
ter, 1441 Eastlake Avenue, Room 8302K, MC-
9181, Loz Angeles, CA 90089-9181. 'S s an
Lol hpportnity Esployes.,

RESEARCH POSITION
Columbia University
College of Physicians and Surgeons

POSTDOCTORAL scientst to study molecular
genetics of kidney discases in humans, Bequires
training in ol or molecular bielogy ar PhaDD, /M1,
level. Prior training, in human genctics or statistical
genetics a plus. Please send curriculum vitae and
names of three relerences e D Ali Gharavi,
Columbia University, riment of Medicine,
PO, Box 84, 630 W, 168th Street, New York,
MY 10032 or e-mail: ag223%@&columbia.edu.

Fa Tt ol | '.llrlmrjr' IF 410 !-'._ru_n' l’.i'_.ll_rl:lmr.ul'.'}'.- .'I;!'.li'ml.Iru'r
Action Engplayer,
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ISITIONS OPEN

The Department of Anatomy and Neurobiology
at the Virginia Commonwealth University’s School
of Mediaine seeks an exceptional individual 1o par-
ticipate in the Department’s complex teaching mis-
siens in medieal and denral gross anatomy, hisology,
embrvology, and nevroscience. Applicants should
have a Ph.D., M.ID, or DS, with both postdoc-
toral rescarch experience and a demonstrated erack
record in peaching the anatomical sdences. The ideal
caiiddicare will also have research expericnee thar com-
plements one of the Department’s major arcas of
scientific ingquiry focusing on traumaric brain injury
and repair. This position is offered ar the collateral
level ar the rank of ASSISTANT PPROFESSOR
(F20640), with an excellent staring salary and full
Unmversity benefits. Intercsted candidates should
send their curriculum vite, a larer of intent including
carcer goals and the names, asddresses, telephone mam-
beers, fax numbers, and e-mail addresses of three ref-
erenees. Elearronic submissions to e-mail: anatrecruit@
vowedu are proferred. For mailing contacr: Dr. John
Bigbee, Chair, Faculty Search Committee, Vir-
ginia Commonwealth University, Department of
Anatomy and Neurobiology, .0, Box 980709,
Richmond, VA 23298-0709, Daadline for receipt of
applications is March 20, 2007, Viginte Commomeesth
J'Jrl'nrl-r'!:.' 1F f:'.lu.ul' l!.|]1||>.lrrru|.i|';|' .-'!llﬁnu.rrirv Aciion Tan-
ployer. Women, minosities, and persosts winh disabilives are
[ |l||'|llll?'.

LR e Pl L

AVIAN RESEARCH ECOLOGIST
.8, Geological Survey's Patuxent Wildlife
Bescarch Center

The US. Geological Survev's Patuxent Wildlife
Rescarch Cenrer in Laurcel, Maryland, website:
http: / Swww.pwrensgs. gov/ secks a full-time,
G5-12/13, Research Ecologist with experience con-
ducting rescarch in avian biology, coology, and con-
servation. As lead investigator the Ecologist designs,
conducts, analyzes, and prepares reports on studies
that respond to fegional and mational conserviation
goals, primarily in support of Department of Interior
agencies mssons, Applications must be complered
online at website: http:/ /www.usgs. gov /ohr/
oars/, The Delegated Examining Unit announce-
ment (open to all gualificd US. cirizens) will be
vacancy announcement number ER-2007-0096; the
MP anpouncement (open o curent and fommcr
Federal employees) will be vacancy announcement
number ER-2007-0107 Announcements will open
on Februare 20, 2007, and close at madnighe EST
on March 19, 2007, Demnils on the position and
application provided on the website,

ASSOCIATE RESEARCH SCIENTIST

Division of Vascular Surgery ar Columbia Uni-
versity's College of Physidans and Surgeons secks
Associate Rescarch Scientist to study human vascular
discascs, Prior rraiping and cxpericnces in vascular
biclogy, gene therapy, and stem eell technology re-
quired. Four years of rescarch CeXpericnoe reguired,
Srrong skills n communication, grant application,
and manuscript preparation desined.

PMlease contact Drs. K. G, Kent and B, Liu ar
e-mail: bol2001 @med.cornell.edu.

Colnbia Uiveraty 3 an Affirmstive Astion / Equal
Cmporninity Emplayer.

POSTDOCTORAL POSITION is available to
study drug-protein interactions in HIV-1 reverse
rranscriprase. Candidates should have a Ph.D). in
chemistry or lMochemptry and have expencence
malecular biology, enzyvme kinerics, and protein
structure analyses, Intercsted applicants shoubd send
curficulum vitae and names of three references to:
Dir. MWicolas Sluis-Cremer, Division of Infectious
Diseases, University of Pittsburgh School of
Medicine, $817 Scaife Hall, 3550 Terrace Sirect,
Pittsburgh, PA 15261, E-mail: aemem@dom,
pitt.edu.

The J'lmn'_fri:.' .._1_I' Pfu_-'.lllrr:ffr di an |’:'.||u.|.|l fJ_||-;h1rr|r.l|rJ:.'
Enployes

1034

POSITIONS OPEN

NEUROSCIENCE POSTDOCTORAL FEL-
LOWS. Two NIH-funded Postdoctoral Fellow
posiions available to study the molecular mecha-
nisms by which nicotinic receptor activation pro-
motes addiction and aliers the cnology of Alzheimer's
discase, Parkinson’s discase, neuroinflammation,
schizophrenia, and aurism. Significant expericnce
using molecular, prowein, cell ailure, transgenic,
and imaging techniques and knowledge of neuro-
science is desirable. The Laboratory i parr of the
interdisciplinary  Neuroscicnce  Signature  Program
and locared in the newly constructed Biomedical Re-
search Tower with state-of-the-art facilities for
proteomics, genomics, and neurcimaging. Please
send curdculum vitgae and names of references o
Eene Anand, Department of Pharmacology,
Ohio State University, 5072 Geaves Hall, 333
W. 10th Avenue, Columbus, OH 43210 by ¢-mal
o e=meail: anand. 20@opsu.edu. Chis Suate [lmiversty i
Al !;'._rg:.n' i :flu_rnrm.uli;.' ]';'m]-hrj'rr_

Several POSTDOCTORAL POSITIONS arc
available immediately 1o study vascular wall remiod-
cling and for angiogencas. Expencnce with balloon
imjury model of restenosis and for angiogenesis is
highly desirable.

Salares are highly compatible and opportnities
o become Instructor/Assistant Profesor cxist in
the laboratory. Highly moenvared candidates with a
Ph.DD. andfor M.D. degree and with demonstrared
expenciee 1 molecular biology, signaling, or angi-
ogenesis should send their curriculum vitae and
three lerers of references to: Prof, G, N. Rao, De-
partment of Physiology, University of Tennessee
Health Science Center, 894 Union Avenue, Mem-
phis, TN 38163 U.5.A. E-mail: grao@physiol,
utmem.edu.

Tl r'rll'n'r_:l'i}' .!F' Tenmesser @5 an F;'._ru.n' f_-'l.l.l_rlllﬂ".llh'llf
Chppotrigity L Affinranive Acvon/Totle VI Tile 1X/ Secnion
S ADA L ADEA Employer,

ANNOUNCEMENTS

INDO-UL5. SCIENCE AND TECHNOLOGY
FORUM
Fulbright House, 12 Hailey Koad, Mew Delhi-110
001, India
Website: htp: / Svwwindousstf.org
SECOND CALL FOR PROPOSAL 2007

The Indo-U.5. Scence and Technology Forum
{TUSSTE), established umder an agreement berween
the Governments of India and the United States of
America, i an auronomous, not-for-profic socicry
that promores and catalvees the Indo-ULS, bilateral
collaborations in sdence, rechnology, engineering,
and biomedical rescarch through subsgantive inter-
action among government, academia, and industry,

The TUSSTF secks to suppoft inpovative pro-
grams amed to stomulate interactions that have a
strong potential for generating follow-on activitics
and building long-term Indo-ULS, S&T relation-
ships. The 1USSTE promotes program that nurturcs
contacts berween the voung and midearcer scientisis
and technologists and fosters active public-private
partnership in RED,

The TUSSTF solicits proposals thrice a vear (sub-
mission deadline: February, June, October) joint-
Iy submited by the U5, and Indian Principal
Investgators from academia, government-funded
institurions,/laborarorics, and private R& D enritics
for: (1.) Knowledge RED networked and publhc-
private networked Indo-US. centers, (2.) Bilareral
workshop, conference, symposium, (3.) Traning
schools, (4.) Travd grants (i.) To avail already awarded
fellowship and sabbartical positions in U5, /Tndia,
(i) For selected ULS. partapants to attend interna-
tional conferences # events in India, (ifi. ) For specific
explortory/planning visis smed ar large scale
collaborations.

Derailed formar available ar websive: hop: /7
www.indousstf.org,.

For turther details and elecrronic submission, con-
tact: Arabinda Mitra, ¢-mail; amitra@indousstf.org
and Michael Cheetham, e-mail: mcheetham@siedu.

Submission deadine: 15 June 2007, Award an-
nouncement: mid September 2007,

POSITIONS OPEN

DIRECTOR, SCIENCE, and TECHNOLOGY
DIVISION
Enjoy Challenging Work and Make Important
Contributions to the Nation

The Instirute for Defense Analyses (IDA) is a not-
for-profit corporaton that operates three Federally
Funded Rescarch Cenvers (FFRDCs), two serving
the Department of Defense (Dol ) and one serving
the Oftice of Sdence and Technology Policy in the
Excourive Office of the President, The IDA Cenrers
provide objective anmalvses of nanonal secunty ssues,
particularly those requiring sciennific and technical
cxpertise, and conduat relared rescarch on other
national challenges. The scientists and engineers in
the Scence and Technology Division, one of scven
research divisions within the Alexandra-based Studies
and .-\nnl:.u's Cenrer, conduct wehnology asessmenes
crtical to research and development programs, to ac-
quisition decisions, as wdl as o technology planning,
technobogy readiness, and counter-proliferanon offors;
perform technical charactenizations and evaluations
of devices and systems 1o assess the mirts of per-
tformanee available in their operational envirenments
and the mission capability they provide; and inves-
tigate and model saentific phenomena.

The Dircctor leads the Division in providing high-
quality analvses and advice to s sponsors i the
Office of the Secrerary of Defense, the Joint Sraff,
the Combatant Commands, and defense agencies
such as DARPA and the Missile Defense Agency.
The Division also provides studies 1o other federal
agencies that conduct rescarch and Sor develop ad-
vanced systems to support panonal security missions,
The Dircctor manages an 80 staff-vears level of effort
and supervises a highly trained staff;, 85 percent have
Phbs. The Director reponts darcctly to the President
of 1A,

The indinvidual we seck must be familiar with the
national scourity rescarch community and be able to
interact effectively with senior leadership and stafffin
sponsoning affices, In additon, heshe must be able
to work with the managers of leading research insti-
mtions both within and ourside the federal EOVCTTE-
ment. He/she necds a working knowledge of federal
decision-making processes related to advanced rech-
nology developments. Expericnce working on tech-
nology isues in government andor industry s
desirable. The sucecssful candidare will be well-
cducated, with a Ph.D. in the sdences or engineer-
ing. Heshe must have management expericnce and
a proven ability to build and oversee the execution of
a program of diverse scientific and technical studies.
A nanonal reputation in A scientfic or wechmcal feld
is a plus. The Dircctor leads and works with an in-
tellectually vibrang staff and should have a FCTINE
intellectual curiosity i a vanety of technical subjects.

[DVA offers a comperitive salary, an excellent ben-
clits package and a superior professional working
cnvironment, [DA s located in a modern office
facility, dircctly off an inrerstare, minures from the
Pentagon. To the aght individual, IDA offers the
oppormunity o have a major impact on key national
programs while working on fascinating  technical
issues. The selected individual will be subject to a se-
curity imvestigaion and must meet the requiremenes
for access to classified informadon. U 8. cftisendip
i required.

Mease send responses of nquines to: Instikite for
Defense Analyses, 4850 Mark Center Dirive, Atim:
Employment Office (Science and Technology
Division-Director), Alexandria, VA 22311-1883.
E-mail: resumes@ida.org, fax: 240-282-8314. 1w
Isinete for Defense Analyzes i prond w0 be an Epral Op-
partiunity Employer.

MARKETPLACE

EZBiolab www.ezbiolab.com

Custom Peptide10mg 90%: $19.59/aa
AB Production 5785 peptide included

Gene Synthesis £1.20bp
siRNA 20 nmol PAGE purified: 5285
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