


AMPLIFICATION

5 DAY FORECAST

TUE WED THU FRI SAT

e

42° 50° 55" 37" 45

A forecast you can predict: excellent results every time.
New Stratagene AffinityScript™ — Works at multiple temperatures.
Delivers high yields. Affordably Priced.

Our AffinityScript™ Multiple Temperature Reverse Transcriptase (RT)®

is optimized for reverse transcription using your preferred reaction * Robust cDNA synthesis from 37-55°C
termperature fram 37-55°C, making it the ideal choice for QRT-PCR » Ten-fold higher affinity for primer-template
experiments, With a 10-fold higher affinity to primer-template complexes a- A o
compared to MMLV RT, our AffinityScript RT delivers high sensitivity * Full length cDNA from 500 bp up 1o 20 kb

and specificity without compromising cONA yield or length.

Meed More Information? Give Us & Call: © Ask us about these great products:
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Ambion Silencer’ Validated siRNA Gene Silencing is Confirmaed Using Applied Biosystems
TagMan® Gene Expression Arrays. The indicated Sifencer Validotad siflMNAs were transfected into
Hela Calls at 30 nM. BMA was isolated 48 hours |ater and analyzed by one-step gAT-PCR using

the appropriste TagMan Gene Expression Assay (results wore normalized Tor input RNA amount
ugang real-tima dota for 185 rRMNAL The inset graphs show tha reduction in target geno oxpressan
compared to cells translecied with an squal concentration of Er'f:.'rlcl.-rl"lr:-gmivr. Control #1 siRMNA.

Ambion Silencing. TagMan® Assay Validation.JAlLin Real fime.

RANAi Made Simple. With RNA interference, you can elucidate gene function in a matter of days—if you have the right
reagents and protocols. Applied Biosystems and Ambion, now an Applied Biosystems Business, provida the most camplete
suite of premium guality reagents available that have been validated to optimally work together! Our potent, Ambion
Silencer® siRNAs, gold-standard TagMan gene expression assays, optimized Real-Time Reagents, trusted Real-Time
Systems, and the protocols provided with them, streamling each step of an RNAI experiment. The result? Lowar barrier to
get started, reduced technical variability in your experiments, technical support throughout your experiment—all of which
give yvou freedom 1o focus on making critical biological discoverias,

For a simple step-by-31ep RNAI experimental design guide that enables you
to start exploring gene function quickly, wvisit. www.ambion.com/ABsynergy
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GE Healthcare ilustrad”

Get attached to illustra
for faster nucleic acid
sample prep.

Mew illustra™ nucleic acid sample prep kits from GE Healthcare give you optimal
vield and purity. What's more, they do this in os little as holf the time it takes
the best competing products. Whether you're purifying nucleic acids in plasmid,
bload, tissue, cells ar bacteria, vou'll find that superiar results and outstanding
reproducibility come 2asily with illustra mini and mid kits

With more than 20 years’ expenience in nucleic acid research, we're bringing
science to Iife and helping tronsform healthcore. We call it Life Science Re-imagined.

www gelifesciences.comdillustra

Speed is crucial to the sundew plant's success.
It reacts rapidly, bending its tentacles to bind its prey.
Some species can do this in just tenths of o second.

imagination at work syt s . ro e s
© 2007 General Bectne Company - All rights nesenved.
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RNAI solutions by QIAGEN

Knock down reliably f

Predesigned and validated siRNA
Flexible, user-defined siRNA p!uies and sets

|
]
B Custom siRNA design and synthesis
B Matching siRNA and RT-PCR assays
&|

: miRNA purification kits and assays A 4

: 00000
| e QIAGEN"®
E Contact QIAGEN teday or visit www gicgen.com/gote /RNAI .

Sample & Assay Technologies



Science

SCIENCE EXPRESS

e il

ASTROPHYSICS

Imaging the Surface of Altair

J. 0. Monnier et al,

Opticalinterlerametry ol the surface of the star Altair suggests that its elongate

shape and brightness may reflect unusual differential retation near its equatar.
10,112 &5cience, 1143205

CLIMATE CHANGE
How Much More Rain Will Global Warming Bring?
F 1. Wentz, L. Ricciordulli, K. Hilbuwren, C. Mears
Humidity and precipitation unexpectedly increased at the same rate i response (o
global warming during the past 20 years, yielding more rinfall than predicted by
models.

10.1124f5cience, 11407 46

EVOLUTION

Sponge Paleogenomics Reveals an Ancient Role for

Carbonic Anhydrase in Skeletogenesis

0. 1L jockson, L. Macis, 1. Reitner, B. M. Degnan, G. Warheide

Analysis of an extant but evelutionarily ancient reef-building spange shows how,
through duplication, ene early gene gave rise to later genes for calzification,

1011268/ 5cionce. 1141580

MOLECULAR BIOLDGY

Genome-Wide Mapping of in Vivo Protein-DNA Interactions

0. 5. Johnson, A, Mortazavi, B, M. Myers, B. Wold

Chramatin immunoprecipitation and high-throughput sequencing identify the

nearly 2000 specific DNA binding sites for a neuronal transcription factar.
10.112&/5cience. 1141319

TECHNICAL COMMENT ABSTRACTS

ECOLOGY

Comment on “Impacts of Biodiversity Loss on
QOcean Ecosystem Services”

1. Jaenike

ferll bttt e sciengermag.argsgioontentfuil

1285

F16582 212850

Comment on “Impacts of Biodiversity Loss on Ocean
Ecosystem Services”
M. L Wilberg and T. J. Miler

Jend reat af W soEncemadg. org ool oot el 1600 W L850

Comment on “Impacts of Biodiversity Loss om Ocean
Ecosystem Services™
F. Halker el al.

Firdl fetadt o i SelEenedmaa, ara’eglioomben bl 3 14582 01 285
Response to Comments on “Impacts of Biodiversity Loss

on Ocean Ecosystem Services”
B. Worm el al.

ferlll feat o W scigncemag.argcgiicontentPull3 16582 %1 285d

1290 & 1320
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REVIEW

EPIDEMIOLOGY

Large-Scale Spatial-Transmission Models of
Infectious Disease

5. Riley

BREVIA

PALEONTOLOGY

Seawater Chemistry and Early Carbonate
Biomineralization

5. M. Porter

When the earliest animals developed skeletons in the

Late Precambrian, seawater chemistry may have determined
whether they were made of calcite ar its polymarph aragonite.

RESEARCH ARTICLES

CLIMATE CHANGE

155,000 Years of West African Monsoon and
Ocean Thermal Evolution

5. Weldeab, D. W. Lea, R. R. Schreider, N. Andersen
During the past 155,000 years, rainfall in West Africa has changed
abruptly following northern high-latitude climate changes, and has
decreased during the past 5000 years.

- Perspective p. 1295

1298

1302

1303

MICROBIOLOGY

Legumes Symbioses: Absence of Nod Genes in
Photasynthetic Bradyrhizobia

E. Giraud et al.

Two species of nitrogen-Tixing bacteria lack the usual liposaccharide
signal by which they communicate with their leqgume hosts and
instead may use a purine derivative,

1307

ripective g. 1296
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D e I ive ry ! NNOVATION @ WORK

With MISSION® TRC shRNA - It's About Delivery!

As a member of The ANAI Consortium (TRC), Sigma offers a delvery solution for RMAT in non-transfectable,
and non-dividing cells. The MISSION TRC shRNA libranies are a comprehensive collection of pre-cloned
lentiviral shRMA designed to offer a vanety of options for your RMAI experiments.

MISSION TRC shRNA provides:

u Delivery Solution
— Lentiviral system for transduction of
most mammalian cells, including primary
and non-dividing cells

| Gene Silencing Using MissioN® TRC shRNA

s Comprehensive Coverage
— 15,000 human and 15,000 mouse genes
- 3-5 clones per gene

= Efficient Knockdown |
— ldeal for long-term gene silencing
- Quality shRNA designed by the Broad Institute

= Format Options 5
— Entire libraries, gene family sets, or " I | I II l I I II I l I
individual genes offered in glyceral stock, | I i, I III I "l I | I

DA, or lentraral formats
Individual Lentiviral Particle Constructs
m Custom Solutions . -

L ale | al d . G Silencing Using MIBSION shRMa,
— Large scale lentiviral production High-thioughput valdason of MISSION TR

and concentration shRMA lentviral fransd ucton partcle. Gene
= Custom packaging sikencing effect of 60 aifferent geves was
rrsdiured At 108 mRAA Irkrienpt kevel snd
cosmparsd 6o pLED Ve smpty oo
For more information on MISSION TRC shRNA, Fiksies. Pt ich LDl QRS IpOmiMTAlEy

s 5 Tk or greater bnockdiwn veid acheved
please visit us on the Web at sigma.com/shrna

-
ting Customers’ Suocess through Leadership in Life Scence, High Tedinology and Service SlGMA
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Science

REPORTS

APPLIED PHYSICS

Quantum Register Based on Individual Electronic 1312
and Nuclear Spin Qubits in Diamond

M.V G Dutt et al.

Electronic and assodiated nuclear spins in a nitrogen vacancy in
diamand can serve as a raaom-temperature quantum register (o

wirite, store, and retrieve information,

APPLIED PHYSICS

Functional Quantum Nodes for Entanglement 1316
Distribution over Scalable Quantum Networks

C-W Chow el al,

Entanglement between atomic gas douds 3 meters apart forms a
quanturm repeater, an essential tool for passing information in long-
distance quantum communicatbon.

PHYSICS

Anisotropic Violation of the Wiedemann-Franz Law 1320
at a Quantum Critical Point

M. A, Tenatar, |, Paglione, C. Petrovie, L. Taillefer

Aheavy fermion system tuned to 3 guantum critical point violates
the standard relation in metals between thermal and ele cronic
conductivity in one direction.

== Peripective p. 12948

PLANETARY SCIEMCE

Mars: A New Core-Crystallization Regime 1323
A ) Stewart, M. W Schimidt, W van Westrenen, €. Liebske
High-pressure experiments imply that Mars has an entirely liquid
iron-nickel-suliur core that, unlike Earth’s cone, will not form an
iron-rich solid inner region as it cools.

OCEAN SCIENCE

Physical Model for the Decay and Preservation of 1325
Marine Organic Carbon

0. H. Rethmean and D, C. Farney

A model suggests that preservation of erganic matter in marine
sediments depends primarily an its protection from microbial

degradation.
== Peripective p. 1294
ANTHROPOLOGY

Origin of Human Bipedalism As an Adaptation for 1328
Locomotion on Flexble Branches

5 K 5 Thorpe, R. L. Holder, B. H. Cromptan

Orangutans use bipedal movements when {eeding from small,
flexible branches, implying that early bipedalism was refained,

nat gained, in humans but lost by apes and chimps.

== Peripective g, 1792

CONTENTS I

GENETICS

Genome-Wide Association Analysis Identifies Loci 1331
for Type 2 Diabetes and Triglyceride Levels

Digbetes Geneties Inifiative of Broad Institute of Hanvard

and MIT Lund University, and NowvarSis institutes for
BioMedical Research

Replication of Genome-Wide Association Signals in - 1336
UK Samples Reveals Risk Loci for Type 2 Diabetes
E. Zegeini et al.

A Genome-Wide Association Study of Type £ Diabetes 1347
in Finns Detects Multiple Susceptibility Variants

L ). Scott et al.

The hereditary companent of type 2 diabetes reflects the contribution
of at least 10 genatic variants, each with a modest affect on risk.

VIROLOGY

Camplex | Binding by a Virally Encoded RNA 1345
Regulates Mitochondria-Induced Cell Death

M. B. Reeves et al.

An abundant viral RNA stabilizes host mitochendria and thus prevents
infection-induced cell death, ensuring that the hasi cell survives lang
enaugh for the virus to reproduce.

IMMUNOLOGY
Regulation of CD8* T Cell Development by 1349
Thymus-Specific Proteasomes
5. Murata et al.
A protegsame found only in cortical epithelial cells of the thymus
has a specific protein-cleaving subunit that may cantribute 1o
positive selection of developing immune cells.

> Perspective p, 1291

1291 &
1349

SCIENE 155N BI&-BOTS i pmblished weelly on Friday, excepi e lad week in by e A i

Ber thee A cemapat of Srienre, 1000 New Tk rmus, NW, W, B 0005 Mgl st age L]

AR AS500 pabd At Warhbngroe, Do, el achiitavial reailing afkEs. Coprpright © 2007 by The A ik Fow 1het: B il
ol Schre. Thee ke SOIERCE b g veg bilerid (racheman of the BAAS. Domver o individial membersilg s sebaorigion (51 sl i 142
CHT alloratnd 10 dbno i), Demesi al b et 5] b i) BT 0, g et & ol e Wotsnbion, Caribbes i Doaiface

ADYANCING SCIEMCE. SERVING SOCIETT ol 35 other countries. (i it deliwery] 0% Fint daw, s, siudeal. snd smevites rabes om request. Corudiss rabes with GST
wamlable upon reguest DT K125 BBLZE Publicabions Mad Agpesmen Ramar 1065624 Printedl in the DS

Chanps of sddrew: Mlow & mnek, gaing old ané new ad e snd B-oig rasriur, P Sared change of scdwn i BAKS, B0, Box 36178, Washingion, O 200%3-4 174, Single-copyale
S10.00 e e, 515 00 bark b prepad incledes nerlse pos g bulk raie on mouesd, Al harfzation o photosopy maberil o inemal or personal yee undar cpemetanom nal iling mithin de
ar e provisines ol e Copyrighl At iv gramied By AAAS i brares and other uiery regidlesed wif e Copyright Clear anoe Cemter IED0) Biassactiaral Eegoriing Sendoe. movded hat 515000 pee ardde i
pakd deect Iy 1o DO 222 Fonewont Drive, Deewers, WA 01921 The identification cade lor Science i D004- BO75 5 oence e Reacher't Guide o Hevarare andl in o e

CONTEMNTS continued »»

www.sciencemag.org  SCIENCE VOL 3146 1 JUNE 2007 1245




design>delivery>purifice i

RMAi Solutions

Bio-Rad and RNAIL Come have a look,

From design to detection, Bio-Rad supports your BNAI research.

‘With a broad range of proven delivery technologies, award-winning
detection systems, and a suite of high-quality support products,
it's clear that Bio-Rad has a vision for RMAI,

= High-performing, potent Dicer-substrate siRMNAs that
produce =85% knockdown with as low as 5 nM siRMNA

= Broad selection of delivery technologies

= RMA and protein purification products

= Automated microfluidic system for nucleic acid analysis

= Sensitive, optimized cONA synthesis kits

= Systems for both protein and mRNA detection and analysis

Far a close look at Bio-Rad's tools for RMAI, visit us
on the Web at www.bio-rad.com/rnai/

Tafind your local sales office, visit www.blo-rad.comfcontact/
In the LS., call o4 frea &t 1-B00-4BIORAD [1-B00-424-6723)
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See Those Fingers? Do the Math

Boys with lenger ring fingers ane better at math.

Putting the Hex on Fragile X

In mice, menial stimulation improves neural connections,

Dinosaurs Charge Upstream

Digcovery of ancient foolprints suggests predators could

swim hard,

Detecting protein complexes.

SCIENCE'SSTKE

www.stke.org I J

PERSPECTIVE: The Biology of Regenerative Medicine
K. Muneoka

Can regenerative biology and regenerative medicing

grow together into a single discipline?

PROTOCOL: High-Sensitivity Detection and Quantitative
Analysis of Native Protein-Protein Interactions and
Multiprotein Complexes by Flow Cytometry

A. G S5chrum, D, GH, E. F. Dopfer, D. L. Wiest, L. A. Turka,
W. W A. Schamel, £ Palmer

Proten inferactions can be quantitatively assessed using
capture beads and flow oytometry in either a high-throughput
or low-throughput format,

GIN IR

www.sciencemag.org

Gerting heard in the debate.

SCIENCE CAREERS

WWW SCIENCeCd NS s O fl|

U5: Who Speaks for Early-Career Scientists?

8. Benderly

In the debate about numbers of foreign scientific workers, voices
of the Americans most directly aected are going unheard.

EUROPE: Fruitful Collaborations With Industry

£. Pain

Academic scientists who interact with industry gain extra funding,
plus get their career horizons broadened.

MISCINET: Guiding Star

A Sasso

Jarita Holbrook maved from astrophysics training 1o studying
the anthrapology of astronomy by indigenouws Africans.
GRANTSNET: June 2007 Funding Mews

GrantsiNer Staff

Learn about the latest opportunities in research lunding,
scholarships, lellowships, and internships.

SCIEMCEPODCAST

Listen to the 1 June Science

— Podcast to hear about the origins

of human bipedalism, innovative
- - " programs for training science
|

teachers, the effect of global

o — warming on rainfall, and more.
wwwsciencemaguong'aboutipodicast.dil

Separate individual or insttutional subscriptions to these products may be required for full-text access.
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CREDITS (TOP TO BOTTOME MARS CAVALCANTE GIRALED ET Al

distance quantum communication.

West African Monsoon
Paleohydrology

Monsoons account for much of the rainfall at low
Latitudes and are an important control of the
moisture and heat budgets of the atmosphere.
The West Alrican monsoon affects a broad region
of that continent, but it is unclear how it is con
nected to other large-scale climate processes,
such as the El Nino-Southern Oscillation or
nearly changes in sea surlace temperatures
(557<). Weldeab et al, (p. 1303; see the Perspec
tive by Barker} analyzed the Mg-Ca and Ba-Ca
ratios, as well as oxygen isolopic compositions of
planktonic foraminifera from a marine sediment
core recovered from the Gull of Guinea, in order
to document changes in 55Ts and river runoff
there during the past 155,000 years. The variabil
ity of freshwater input mere closely resembled
that of high northern latitude temperature than
local 55T Tor much of the record, which implies
that high northern latitude climate exerted the
dominant control on precipitation. Local S5Ts were
more closely related to low-latitude insolation.

Disobeying Transport Rules

The empirical Wiedemann-Franz law, which stales
that the ratio of thermal and electronic conductiv
ities of metals is directly proportional to tempera-
ture, is one of the oldest relations in condensed
matter physics. It has also been thought to be a
robust property of metals because itis theoreti-
cally underpinned by quantum mechanics and the
standard model of metals, Fermi-liguid theory.
Tanatar ef al. (p. 1320; see the Perspective by
Coleman) present measurements of thermal and

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

[ i

<< Quantum Storage and Repetition

Quantum registers allow the basic units of information, the qubits, to be
transferred along channels and processed lacally. Dutt et al.
(p. 1312) demaonstrate the coherent control and coupling of an elec-
tranic qubit and nuclear qubit stored In a single nitrogen vacancy (NV)
center in diamand. Because the spin degree of freedom of the NV center
is largely decoupled from the vibrational (and other kinetic) degrees of
freedom, these two qubits can form a room-temperature quantum regis-
ter where the electronic qubit could enable optical communication with
other registers through state-dependent fluorescence, whereas the
nuclear qubit could be used to store information. These registers can be
used as a basis for scalable, optically coupled guantum information sys-
tems. The use of quantum processing in applications such as encryption

requires the distribution of entangled quantum states over networks.
These states have finite lifetimes, and networks will likely need to use quantum repeaters, which would reliably pass on the
information without actually destroying it. Chou et al. (p. 1316, published online 5 April) distribute an entangled state
over a distance of 3 meters using two pairs of cold atomic gas clouds, thereby demonstrating the potential for long-

charge transport in CeCaln, and report that this
law is obeyed in one direction in the crystal lattice
but violated in another, They discuss the conse-
quences of this ansotropic violation in terms of
how Fermi-liquid theory should or could be madi
fied to describe the behavior of such strangly cor
related systems.

Soft Iron Center

The care of Mars is widely thought to be similar to
that of Earth—mwustly iren with a smattering of
light elements. In high-pressure experiments that
mimic the conditions of the martian core, Stewart
et al. (p. 132 3) show that Mars” core is presently
completely liquid and that its future crystallization
behavior will differ from that of the Earth. Mars
will nat form an outwardly crystallizing iron-rich
inner core as does the Earth, Instead, planetary
cooling will lead o core crystal-

lization follewing either a “snow

ing core” model, in which iron-rich

solids nucleate in the outer por

tions of the core and sink toward

the center, or a “sulfide inner-

core” model in which an iron-

sulfide phase crystallizes to form a

solid inner core.

Preservation and Decay

Competition between degradation and preserva-
tien of organic matter in the sea and on the sea
floor plays a central role in controlling how
much oxygen isin the atmosphere, as well as
how carbon, nitregen, phosphorus, and other
elements are cycled through the biogeosphere.

Because the quantity of carbon in marine sedi-
ments is huge, small differences in the balance
between these processes can have large
impacts, which has made this problem challeng-
ing to model, Rothman and Forney (p, 1325;
see the Perspective by Middelburg and
Meysman) now present a consistent medel in
which the intrinsic reactivity of organic material
is constant and that the rate of decay depends
on bacterial abundance. This explanation is fun
damentally different from chemical models in
which erganic-matter degradation rates depend
on intrinsic reactivity,

Not Like Peas in a Pod

Legumes, such as peas and beans, have residing
wilhin nodules on their roots symbiotic bactena
that lix atmospheric nitrogen, The rhizebial sym-
biont produces sig-
naling molecules,
the so-called Nod
factors, that are rec
oanized by the
complete genomic
sequences of two
photosynthetic Bradyrhizobium strains that pro
duce nodules in their host plant roots but lack the
nodABC genes and Nod factors, Instead, during
this atypical symbiosis, a purine derivative may

plant. Giraud et al.
{p. 1307, see the

act as a signal molecule to trigger root nodu le

Organogenesis.

Perspective by
Downie) report the

Continued on page 1251

1 JUNE 2007

1249



www.roche-applied-science.com

PhosSTCP Phosphatase Inhibitor
Cocktail Tablets

Protect your proteins before

% Inhibition of phosphatases in A&31 cell lysate

vooms O PhosSTOP
a5
BOA% D52
Bia

i §F §

¥

AP il FTP PP PP2A

Figure 1: PhosSTO P Tableis deliver more effective
phosphatase inhibition than other suppliers’ liquid
phosphatase inhibitor cocktails in lysate from A&31
human cancer cell line.

51, 52, and C4 = Phosphatase Inhibitor Cocktails 1, 2,
and 4 from other suppliers

AP and SP = Alkaline (AF) and Acid [(SP) Phosphatases
PTP = Tyrosine Protein Phosphatasces

PP1 and PP2A = Serine/Threonine Phosphatases

COMPLETE and PHOSSTOP are iradernaks of Roche,
S P07 Racha agnostcs GmiH, All rights sesenod.

phosphatases attack

Stop spending valuable time searching for the right phosphatase
inhibitor, mixing individual inhibitors, or combining inhibitor cockiails,
Conveniently, reliably prevent the dephosphorvlation of proteins

with new PhosSTC P Phosphatase Inhibitor Cocktail Tablets.

Stmply drop one quick-dissolving tablet into 10 ml of buifer wo:

® More effectively preserve proteins’ phosphorylation state
Inhibit a broad spectrum of phosphatase types {Figure 1).

B [nstantly inhibit phosphatases in a variety of samples
Drop a tablet into extracts from mamnalian, insect, or plant cells,

or treat formalin-fixed, paraflin-embedded (FFPE) tissue sections.

5 Protect proteins from both phosphatases and proteases
Fully protect vour proteins by combining a PhosSTOP Tablet with a

clmplete Protease Inhibitor Cocktail ‘Tablet.

Roche Diagnostics GmbH
Roche Applied Science
68298 Mannheim
Germany



This Week in Science

Continued from page 1249

Walking Tall with Hand Holds

The predeminant bipedal locomotion of humans, which helps distinguish us from great apes, has
generally been thought to have arisen since or with the last common ancestor between humans and
chimps. Therpe et al, (p, 1328, see the cover and see the Perspective by O'Higgins and Elten) show
that srangutans, a more distant relative, move across thin branches in trees in a bipedal fashion,
much like running humans. These observations suggest that this more ancient ability was retained in
the great apes and increasingly used by ancestral humans as they moved out of the trees, whereas
chimps and gorillas essentially lost this ability.

Spaced Out

Methodological approaches for geospatial models of infectious disease encompass analyses of the
effects of patches, distance transmission, multigroups, and networks. Within this framework, Riley
(p. 1298) has reviewed key results on infectiens such as measles, foot-and-mouth, influenza, and
smallpox, illustrating the significance of the epidemiological insights generated by these models,

A Growing List of Diabetes Genes

Type 2 diabetes, the most commaon farm of diabetes, affects more than 170 million people world-
wide, and its prevalence is increasing rapidly. An individual's propensity to develop the disorder is
determined by a com
bination of life-styla
and hereditary factors.
Three independent
international consor
lia—Scott et al.

(p. 1341, published
online 26 April),
Zeggini et al.

[ p. 1336, published
online 26 April), and
the Diabetes Genetics 9%
Initiative (p. 1331,
published online 26
Aprill—have conducted comprehensive surveys of the human genome to identify genetic variants
that affect type 2 diabetes risk and then shared their data to increase the statistical power of their
analyses, In addition Lo validating several sequence variants previously implicated in the disorder,
the authars identified several previously unknown susceplibility variants, At least 10 genetic loci
have been now reliably linked to type 2 diabetes, each exerting a modest effect on risk.

Let the RNA Do Its Business

Viruses need to ensure that infected cells survive long enowgh to allow the production of progeny,
Reeves et al, (p. 1345} now show that human cytomegalovirus uses an unusual strategy to this
end—an abundant noncoding RNA specifically interferes with an apoptotic trigger in the mitochon-
drion. In cells in which apoptosis has been triggered, the RNA binds to an enzyme in the mitochon-
drion and helps to maintain functional mitochondria, which prolongs the life of the infected cells.
This mechanism obviates the need for the virus to translate a protein product to perform this function
and may thus exploit the infected cell's resources more effectively,

Designer Proteasome

In the immune system, T cells respond to fragments of antigenic proteins presented at the cell sur
face by molecules encoded by genes of the major histocompatibility complex. This process is vital
not enly for recognition of antigens carried by pathegens and tumaors, but also in the selection of

4 Teells as they develop in the thymus, These peptides are generated by a large multisubunit com-
plex called the proteasome, which exists in a variety of forms containing different catalytic sub-

% units. Murata et al. (p. 1349; see the Perspective by Bevan) now identily a proteasome subunit,

B [351, that was found exclusively in the thymic epithelial cells and directs positive selection of T cells.
Indeed, mice lacking (35t showed significant disruption of T cell development.

From life on Mars
to life sciences

For careers inscience,
turn to Science

If you want your career to skyrocket,

visit ScienceCareers.org. We are
committed to helping you find the
right job, and delivering wseful
advice, Our knowledge is firmly
founded on the expertise of Science,
and the long experience of AAAS in
advancing science around the world.
ScienceCareers.org is the natural
selection.

www.sciencecaree Is.0rg

Features include:

* Thousands of job postings

= Career tools from Next Wave
= Grant information

= Resume/CV Database

s Career Forum

Science(Careers.org

We know science

www.sciencemag.org  SCIENCE  VOL 316 1 JUNE 2007

1251



BIBLIOGRAPHY

Refememoe  ——
M AruigeT

Ia3euen
SOUDIDJOY]

Pont references om b Wik —
seoroh, odd, edit ond export

Create subject bibliogropiies
fmmrnmmmrm

Introducing Reference Manager 11—a powerful upgrade tothe What's new inv11;

bitlipgraphic software that streamlines research, wiiting and publishing « Publish Reterence Manager databases ta the Web or intranet

Janager has senved comporate, govemment and academic Lreate sudject o

= Arcess new and updated content fies atwsrefman com

reseanchers wordwide for over 20 vears. And now version 11 delivers new
. f *Shase traveling libraries with colleagues
waystoshare and viewyour reference collections: Post your databases tothe Share raveang ibraries with colleague

r i -3 #
« Comnect 1o data vsualZation 100

rk., Link to full text pdtfiles

Collaborate with coleagues aver a netw

gtion into action, Qrder or

These are just some of the powerful features that await you. Putinnoig

KOASINas

Phone: 800-722-1227 » 760-438-5526 » inf

Reference hanager is your command and control centerfor all things

-"“-"‘-_I'-'_'i'_-""“. Com

reference related,

THOMSOMN

* -

151 RESEARCHSOFT

oovacht 200 Poreor Bl M & saciee facenal of Porsr,
iman.comn Ak ot biceruirin o P ety B rmcecl oxgane,



CRELNT JUPITER IMAGES

William A. Wolf is
president of the National
Academy of Engineering
in Washington, DC.

Changes in Innovation Ecology

GLOBALIZATION HAS INTRODUCED BOTH UNCERTAINTIES AND OPPORTUNITIES WORLDWIDE.
In the United States, a flurry of recent books and reports has told the country how to be
competitive in the 215t century, from Thomas L. Freidman's The Horld is Flar, to the National
Academies’ Rising Above the Gathering Starm, and at least a dozen more, All note the historic
strength of the United Stnes in innovation and suggest that reinvigorating this capability is
kev to future prosperity. The resulting recommendations relate o an “ecology™ of interrelated
institutions, laws, reeulations, and policies providing an innovation imfrastructure that
entails education, research. tax policy. and intellectual property protection, among others.
Unfortunately, this ccology 15 more fundamentally broken than 1s generally recognized.

It’s broken for two reasons, First, its components were created in the context of old
technologies, not new or future ones. Second our processes for updating them are incremental,
and we don’t stand back and ask whether our changes are achieving the intended outcomes,
It isn't obvious, for example. that a patent system ereated for macro-
scopic physical machines is ideal for computer software, snippets of
DMA, or business processes. A vear ago, 30 Silicon Valley chiel
technology officers told me that the LLS. patent system was irrelevant
to the original Constitutional intent 1o encourage innovation,
Adthough their fast product cveles make them skeptical abowm decadal
protection. their reaction shows that a syvstem invented for an old
technolosy won't necessarly it a new one,

Also seemingly antiguated is a Web page with the copyright
symbol © on it That page was copied. in its digittzed form, at least
a half dozen times on the trip from its server to the screen; indeed,
it would have zero value if it hadn’t been copied. Of course the
author didn't mean to prohibit those copies, but they are indistinguishable from the others

that the author did mean 1o prohibit, Ironically, we must break this law to achieve one of

its primary objectives, The noton of prohibiting “copyving” o protect artistic and literary
creativity made sense when those values were expressed in physical media, but it makes no
sense in o digital world,

A serial medical entreprencur pointed out to me that the nation’s gold standard of

randomized double-blind clinical trials to ensure drug safery and efficacy simply doesn’
work for therapies that are tatlored to a small population of patients, an emerging trend
drug development. In those cases, a teaditional elinical wial will lack the statistical power to
reach a conclusion. It will surely be ironie if o mechanism intended to protect us has the
effect of preventing access to more effective drugs.

The antitrust laws are important for moovation, They create spaces i which small imnovative
companies can compete. Unfortunately, those in the United States were written in an era when
scarcity usually determined economic value, In some (ields woday, it ubiquity that sets value,
For example, if | have the only telephone in the world, it has little value, Conversely, | use
Microsoft software primarily beeause its ubiguity maximizes the probability that | can exchange
documents with someone else. It shouldn™t surprise us that laws based on assumptions that
worked in a traditional industrial economic setting don™ work pertectly for new technologies.

Although many commentators are ready o acoept or evien praise the loss of LS, manufac-

wring to low-wage countries, production and marketing experts indicate that the future of

manufacturing is not mass production, but mass customization. The key will notbe the capacity
o make a zillon size 108 D shoes {my size). but manufacturing shoes o suit Bill Wulfs size,
color. and style preferences. This is a knowledge-intensive business: one in which we are well
equipped to compete. But we nead the right institutional and policy ecology to do so.

In exch of these examples, the policy goal is still valid: prowecting the public from unsafe or
ineftective drugs, for example. Its the implementation that needs to be updated, and that can’t
be done incrementally. To prosper, we need an international process that can. time after time,
fundamentally rethink the elements of our innovation ecology.

— William A Wulf

101126/ science, 1145598
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ECOLOGY/EVOLUTION
Tropical Forest Slows Down

Tropical forests play a major part in the global carbon
cycle. An understanding of the responses of tropical forests
to climate change is an essential element in predicting the
trajectory of global environmental change in the coming
decades. Some studies have found increasing growth rates
of trees, consistent with model predictions of CO, fertiliza-
tion. However, others have suggested that growth rates
might decrease, consistent with models of the effects of
increasing temperature on tree respiration. Feeley et al,
analyzed two detailed long-term data sets from forest plots
in Panama and Malaysia, to reveal growth rates of indiid-
ual species and whole communities aver the past 25 years,
In both places, growth rates decreased in the majority of
species, and this pattern was also reflected at the commu-
nity level. These decreases correlated with increasing tem-
perature over the same period, suggesting the potential

Malaysian forest.

MATERIALS SCIENCE
Aperiodic Polymer Tiles

Cuasicrystals have sufficient long-range order to
produce a diffraction pattern, but do not show
the three-dimensional translational periodicity
found in normal crystals. They have been
observed in metallic and small molecular sys-
tems, often throwgh small compositional changes
in the materials, although in many cases the gua-
sicrystals are of poor quality and stability,
Hayashida ef al, show this sort of patteming over
a much larger length scale in three-arm block
copolymers made of polyisoprene (I}, polystyrene
{5}, and poly(2-vinylpyridine} (P} mixed with a
polystyrene homopolymer. Previously this system
has been shown lo form the (3.3.4.3.4)
Archimedean tiling structure, with every vertex
surrounded by a pattern of triangle (3) and
sguare (4) cells, Upoan changing the 5P ratio,
the ratic of triangles to squares shifted from the
Archimedian value
of 2 to 2.305, and
a dodecagonal
quasicrystal pat-
tern emerged. The
tiling, however, was
not perfect; Transi-
tion regions led Lo
sections showing
Polymer phase separation  sixfold symmetry
leading to quasicrys- and a triangle-to-
talline arrangement. square ratio of 8:3,

e
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When the composition of the blend was changed
further, the overall quasiperiodicity of the trian-
gles and squares was lost. Thus, it may be possi
ble to tune the tiling pattams through small
changes in the polymer composition. — M5L
Phys. Rev, Lett, 98, 195502 (2007).

APPLIED PHYSICS
Patterned Graphene Transport

Graphene has received much recent attention,
both experimental and theoretical, because of its
mechanical stability and promising electronic
properties. These single sheets of graphite, or
unzipped carbon nanotubes, are expected to dis-
play many interesting transport properties that
are dependent on geometry and crystallographic
orientation, in much the same way in which the
electronic properties of carbon nanolubes are
dependent on their chirality, or how they are
rolled up. Working with single sheets of
graphene extracted from bulk graphite and pat-
terned into strips of various widths {ranging
from 10 to 100 nm) and a selection of crystallo
graphic oriemations, Han ¢t of. have probed the
ensuing transport properties. They found that
the energy band gap widens with decreasing
width, as expected from theory, but that there is
no systematic variation with orientation, The
results suggest a route to engineer the band gap
of graphene nanestructures with potential appli-
cations for devices, — 150

Phys. Rew. Lelt. 98, 206805 (2007).

for positive feedbacks between decreasing tree growth and
increasing atmospheric CO, concentration. — AMS

Ecal Len. 10, 451 (2007).

GEMETICS
A Powerhouse Conversion

Animal cells contain not only their nuclear
genome, which is inherited equally from both par-
ents, but they also, within their mitochondria,
carry a further, much smaller genome, which is
generally maternally inherited, Mitochondrial
DA & thowght not to undergo recombination and
to represent a relatively
stable record of the
evolutionary history of a
species. By examining
duplicated genes within the
mitachondria of killifish, Tatarenkoy
and Avise found evidence of gene con-
wersion within the mitochondria, sug-
gesting that recombination does
accur, Sequences from both copies of
the control regions of the mitochondrial DNA
identified 28 examples where both copies con-
tained the same nucleohde substitution, resulting
in an overestimate of genetic distance between
individuals on the basis of paralogs, which arise
from gene duplications, in comparison o that
estimated from orthologs, which represent genes
sharing the same evolutionary history, Thus,
recombination and gene comversion are ongoing
in the mitechondria of killifish and, by extension,
probably in other animals as well. — LMZ
Froc. R. Soc. London Ser. B
10,1098/rspb. 20070169 (2007,
Continued on page 1257

Killifish.
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Continued from page 1255

GEQLOGY
Death Valley in Slow Motion

The San Andreas Fault is thought to mark the
right-lateral slip between the North American and
Pacific plates, but a large amount of the slip (~20
to 25%:) occurs on a set of faults farther inland,
extending from Death Valley in eastern California
up through western Nevada. These faults have
produced some of the largest earthquakes within
North America, comparable in size 1o temblors on
the San Andreas itself, and this slip is responsible
for the great depth of Death Valley, Today, the
fault network near Death Valley is moving at
about 12 mmiyear, but whether this represents
the long-term rate has been hard to determine,
Frankel et ol. measured cosmogenically produced
radionuclides in boulders to date offsets in an
alluvial fan in Death Valley. The long-term rate
for the fault system for the past 70,000 years is
indeed close o the current rate, whereas farther
south, where several recent earthquakes have
occurred, the current strain rale seems to be
axceeding the long-term average, — BH

| Geaplys. Res. 10.1029/2006]B004350 (2007).

PSYCHOLOGY
You Did It, It Did It

One of the many kinds of psychological process-
ing we perform effortlessly is the recognition of
actions as being motivated by animate versus
inanimate agents. Two groups of brain areas have
been proposed to subserve this function: the mir-
ror neuron system and the social network, Mirror
neurons become active both when a person per-
forms an action and when a person observes that
action being performed by another. Neurans

EDITORS CHOICE

within the social network become active in sodal
contexts, such as during the assessment of emo-
tion in others, or while imagining another's state
of mind, Wheatley et al. examined the differetial
activation of these networks under conditions in
which the central figure and its movements
remained constant, but the backgrounds were
changed to bias the interpretations of the scene as
representing animate or inanimate agency. The
mirror neuron system does indeed engage in the
neural processing of motion, during both observa-
tian and imagination of the figure. On the other
hand, the brain areas within the social network
arespecifically more active when people perceive
the maotion as biclogical or animate, — G]C
Payehol. S¢i 18, 469 (2007).

CHEMISTRY
How H-Bonding Helps

Although hydrogen bonding has long been known
1o be prevalent in enzymatic substrate-binding
matifs, its use in nonmetallic small-molecule
calalysis has been adopted comparatively
recently, Jensen and Sigman have quantified the
impact of catalyst acidity on the rate and enan-
fiosalectivity of the hetero-Diels Alder reaction in
ong such system. The catalyst is a chiral oxazoline
derivative that binds aldehydes through the N-H
group of a pendant amide; the authors systemati
cally varied the acidity of this group by adding
differing numbers of Clor F atoms to the amide
ct-carbon. They obsenved linear free energy rela-
tionships correlating both rate and enantioselec-
tivity with increased acidity, which they tentatively
altribute 1o a tighter transition state — ]5Y
Amgew. Chem. Int. Ed. 46,
10,1002 /anie 200700298 (2007).

<< Living Optical Fibers
In the eye, specialized glial cells, the Miller cells, support the function

AYAAAS
www.stke.org

and survival of neurons in the retina. Franze et ol now show that these
eells also help 1o pass light to the retina, Light transmission and reflec-
tion microscopy of the inner retina (without the photoreceptor cells)
revealed that light was transmitted to
discrete points. A z-axis reconstruction showed the préesence of
“tubes” that corresponded to the Miller cells, which transmitted
light effectively with minimal light scattering. Furthermore, disso-
ciated Miiller cells exhibited higher refractive index than did retinal
neurons, consistent with their role in minimizing light loss through
the length of the cell. Optical engineers use waveguide characteris-
tic frequency (the V¥ parameter) as a measure of the light guidance
through a propagating matenal, Calculations of the ¥ parameter
for Miiller cells confirmed that these cells could function as wave-
guides for visible light. Indeed, Miller cells efficiently transmitted
light when placed in a modified dual-beam laser trap. — NRG

Miiller cells act as
conduits for light.

Proc. Nall. Acad. 5S¢, LLS.A 104, B287 (2007). Nl 1
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Iceman’s Final Hours

A team of botanists and anatomists has pro-
duced a close-up view of the last wanderings
of Otz the lceman, the frozen 5200-year-old
mummy found in the Alps in 1991, from the
pollen in his digestive tract.

By various delicate procedures, researchers
led by botanist Klaus Oegol of the University
of Innsbruck in Austria extracted five gut
samples—representing al least three different
meals—from the end of the small intestine to
the rectum, Comparing the pollen with modem
reference samples from known locations,
the scientists tracked Otzi's path in roughly
his last 33 hours, “Background” pollen in the
intestine closer to the rectum reflected alpine
vegelation, whereas the transverse colon
had pollen from tree species common in the
valley. Contents of the ileum indicated that he
ate his last meal back in the subalpine pine
and spruce forests.

The scientists, whose analysis appears
in the latest issue of Quaternary Science
Reviews, say the results lend new weight to
the “disaster” theory of Otzi's death. It holds
that he walked down from subalpine regions
perhaps o his native village, gotin a fight,
and fled to the mountain glacier, where he
apparently died from an arrow wound in the
upper back. The reconstruction of the
Iceman’s final journey is “an extremely
exguisite piece of work,” says geoscientist
Waolfgang Miller of the Royal Holloway
University of London in Surrey. "Before, it was
largely speculation. Now it is pinned down
with scientific evidence.”

wwwsciencemag.org  SCIENCE  VOL 3146
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In the Wake of Kon-Tiki

A German biology teacher and amateur archaeologist plans to launch a
reed boal this month in New York harbor, in preparation for an ocean
voyage Lo Spain.

Dominigue Gorlitz, currently a Ph.D. student in invasion biology at the
Lindversity of Bonn, wants to prove that prehistoric humans could have
crossed the stormy North Atlantic, bringing with them Old World plants
such as bottle gourd and cotton, thousands of years before Columbus.

The 12-ton, 12-meter-long boat, built of reeds from Lake Titicaca in
Bolivia and sporting linen sails, 15 based on rock drawings made in upper
Egypl and Spain during the Ath and Sth millennia B.C.E. "This will be a
high-tech laboratory” loaded with instruments to monitor the ship’s
progress, adds Goelitz, whose funding for the half-million-dollar project so
far hias come from a private loan. Jurgen Bohmer, a vegetation ecologist at
the University of Bonn, notes that the unusual effort could help clarify how
plant species spread between continents. Goelitz, 40, has experimented
with earlier versions of the boat in the Mediterranean, The Abara 1! will set
sail im July with a crew of 12 for the 2-month vovage.

mammary tumaors in animal
fests. For chemicals such as
acrylamide, a byproducl
of cooking starch-laden
foods, the site offers
information on uses,
: routes of exposure,
g ol health risks, The
dalabase also summarizes
and critigues the method-
ology of 450 studies on
links between human
hireast cancer and
nongenehic factors, ==

ALISTILE TSNS,

The Breast
Cancer List

French [ries, car exhaust,
and shampoo have one thing
in common: They can contain breast
cancer—causing compounds. To find
oul more about suspect chemicals
and lifestyle factors, including obesity,
implicated in breast cancer, check out this
new two-part database from the Silent Spring
Institute, a women's health monprofit based in
MNewton, Massachuselts,
Researchers pored over toxicity data to
compile a roster of 216 compounds that tAgger

INTERSPECIES MISCOMMUNICATION

A silverback gorilla went on a King Kong-style rampage
in a Rotterdam zoo on 18 May, and ethologists are
speculating that a misunderstanding with a female fan
may have pushed him over the edge.

Eleven-year-old Bokito jumped a 3-meter-wide moat
al Blijdorp Zoo, attacked a 57 -year-old woman, and
dragged her along a path before smashing a glass door
and entering a restaurant, where zoo staff shot him with
tranquilizer darts. The victim—hospitalized with a
crushed hand, broken arm, and more than 100 bite
wounds—had visited Bokito almost daily with her husband. "When | smiled at him, he smiled
back,” she told the Dutch newspaper De Telegraaf.

The frequent visits may have made the woman a group member in the gorilla’s mind, says
Zjefl Pereboom, head of research at the Antwerp Zoo in Belgium, Bul primates use eye contact
lo establish dominance relations, and they can misinterpret human signals, he says: “He is the
silverback, the dominant man in his group, and he may have felt that she didn't respect his
dominance.” The gorilla’s “smile” may actually have been a threat, other ethologists say.

The wictim wants the zoo to pay damages but said Bokito "will remain my darling.”

Rachel Carson,

authar of 5ilent
Spring, died of

breast cancer

in 1964, silentspring.org

Bokito on
the loose.
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SEEING THROUGH HYPE. Lducational psychologist Robert Slavin has
been chosen 1o lead a new center loreducation research at the 1 Iniversity
of York in the United Kingdom. The Institute for
MOVERS Effective Education (IEE) is being funded with
522 millien from the Bowland Charitable Trust
Slavin will continue o direct the Center for Research and Reform in
Education | CRRE) a Johns Hopkins University in Balumore, Marvland.
Slavin's message w0 educators is to pay anention to what works, not
necessarily to what is popular orwell marketed. “Fortoe long, education
has been ruled by Baddism,” says Skvin, who also runs the nonprofi
Sueceess for All Foundation tha offers curricula that has first been
evaluated in research institutions, He hopes that TEE can also increase
evidence-based learning in schools by using proven methods to boost
Iiteracy. language. sclence, and numeracy.
Two CRRE professors, Nancy Madden and Bette Chambers,
will join Slavinat [EE, divieling their time between the new institute
and their currem base,

CREDNTS (TOP TO BOTTOME SFAF: TULAME UBNERSITY. SOURCE: MICHAEL FERNANDER

FOLLOW-UP
A MUST-NOT READ. An Indian court has struck
down a state-imposed ban on a book by a U.S.
religious studies scholar that offended Hindu
nationalists and triggered riots 3 years ago. But
the publisher of Shivaji: Hindu King in Islamic
Indhia has no plans to sell the book in India.
The boak, by James Laine, a professor at
Macalester College in 5. Paul, Minnesota,
tells the story of Shivaji, a 17th century Hindu
king who built an empire in western India
amid Muslim domination of much of the sub-
continent, Right-wing Hindu groups slammed

Three Qs >>

the book for questioning Shivaji’s lineage,
and the Maharashtra government banned itin
2004 and threatened to arrest Laine if he ever
returned to the state (Science, 30 January
2004, p. 623). The ban was maot, however,

as the book's publisher, Oxford University
Press, had already withdrawn it from stores.

In April, India's Supreme Court ruled that
the charges brought against Laine were base-
less, and the Bombay High Court instructed the
state government to lift the ban. But Hindu
extremists have warned bookstore owners not
to carry the title.

Muolecular biologist Michael Fernandez has worked himself out ofa job, This spring, the
Pew Charitable Trust declared victory and shut down its 6-year-old Initiative on Food and
Biotechnology that he directed. The program provided objective information on gencti-
cally modified plants and animals and focused anention on the ULS. regulatory system.,

Q: Who won the debate over agbiotech?
I'm not sure | want to talk about winners and losers. Public opinion hasn't changed very
much over these & years. A relatvely small proportion of LS. consumers are opposed,
and the vast majority are somewhere in the middle. We've had
big increases i the acreage planted, [and] Farmers clearly see a
bemefit 1o msect- and herbicide-resistant crops,

@: How good is our regulatory system?

It's a mixed bag. For products with incremental changes. the
system works pretty well. When vou start to get into products
that don’t Fit neatly into a category, like plant-made pharmaceu-
ticals, there are questions about whether the system is adequate.

Q: What's coming down the pike?

[Bicengineered] animals are something that we will have to
deal with, including moral and ethical issues. The US, will have to Higure out how o deal
with imports of products that we ve never seen befare, It's in our best imerest 1o have a
regulatory system that is flexible enough and has the tools to assess the risks so that we
can all get the benefits.

wwwsciencemag.org  SCIENCE  VOL 3146
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' ON CAMPUS

BLOWN AWAY. Tulane University mechanical
engineering chair Mante Mehrabadi spent last
week house hunting in southern California in
preparation for becoming chair of the mechani-
cal engineering department at 5an Diego State
University. It's an involuntary move:
Mehrabadi's 113-year-old
department is dissolving
this month as part of the
Mew Orleans university’s
plan for restructuring after
Hurricane Katrina. It's
“heart-wrenching,” he says,
Althaugh he's landed an
his feet, two of the depart-
ment's 12 faculty members
are shll looking for work.

A new 67-page report from the American
Association of University Professors (RAUF)
takes five Mew Orleans universities to task for
their response to the August 2005 disaster. It
says Tulane, which cut more than 200 positions
overall, failed to give financial or academic
reasons for abalishing the mechanical engi-
neering department. AAUP also says the uni-
versities paid Little heed to tenure and dis-
missed staff without offering clear explana-
tions. Although Tulane offered many 12 manths’
severance pay, Louisiana State University
Health Sciences Center laid off 61 full-time
medical faculty members, about 9% of the
total, without pay and with “virtually no
notice,” the report says,

Tulane has called the report “seriously
flawed” and tainted by “advocacy.” Louisiana’s
higher education commissioner responded
that the usual standards “barely apply” to
such a catastrophe,

Gaot atip far this page? E-mail people@aaas.arg

1263



1264

PALEONTOLOGY

us.

immigration bill

Mammoth-Killer Impact Gets Mixed
Reception From Earth Scientists

ACAPULCO, MEXICO—A headling-grabbing
proposal that an expleding comet wreaked
havoe on man and beast 13,000 years ago got
its First full serentific anng at a meeting here
last week.” Many geoscientists who attended
nearly a day of @alks and posters on the puta-
tive impact called the idea "cool.” But they re
not dashing off to rewrite the textbooks yet.

A loose consortium of more than 25 sa-
entists is arguing that a massive comel
exploding in the atmosphere over North
America wiped out the mammoths, termi-
nated the founding Paleo-Indian culture,
and mgzgered a millennmium-long reversion
to am ice age climate. “Were guite sure there
wits an impact.” savs analviical chemist
Richard Firestone of Lawrence Berkeley
Mational Laboratory in California, one of
the comsortium’s two leaders,

Mot so fast, say veterans of
decades-long wrangling over
how cosmic collisions have
affected Earth and the life on
it. “There is some interesting
evidence that deserves study”
says cratering researcher Peter
Schulte of Brown Universitv, a
member of the consartinm
who did not attend the meet-
ing. But the evidence for an
it is oo new and uncomeen-
tonal to be conclusmve,

The "impact wars™ have
been raging since scientists
First began working out geo-
logic markers for ancient
impacts in the 1960s, By the
19805, researchers found
G5-mulhion-vear-old sedi-
ments that contained too
much of the element irid-
ium—rare on Earth but
enriched m meteorites, That
discovery pointed the way to
mineral grains scarred by the
shock of the impact that

* Joint Assembly of the American
Geophysical Union, 22=25 May.

Killed off the dinosaurs. Geologisis eventu-
ally found the crater from that impact.

In the 19940, geochemist Luann Becker of

the University of California, Santa Barbara,
and colleagues sad they had found impact
markers at the mother of all mass extinctions,
the Permian-Triassic 251 million vears ago
{Science, 23 February 2001, p. 1469). These
markers included metalhe grins and molecu-
lar cages composed of carbon—called bucky-
balls or fullerenes—Nilled with extraterres-
trial helium., Three Seichce papers later, honw-
ever, Becker’s group has failed to make its
case Tor a Permian-Troassic impact. In fact,
despite considerable effort, ne one else has
found fullerenes or extraterrestrial helium at
the Permian-Triassic boundary,

Mow Firestone and some of his consor-

|

ET debris? Possible impact markers such as glasslike carbon (lgfth and
carban spherules (ngi) are found in the “Black mat™ layer (bottam).

tium colleagues, including Becker, say they
have found nearly a dozen kinds of recent
impact markers a1 26 sites from California
tw Belgium. Most of the supposed markers
are new bypes: many have never before been
reported in the geologic record.

The consortium got its start in 199 when
retired archaeologist William Topping of
Deming. New Mexico, approached Firestone
with unusual mineral grains from sediments
at Canney, Michigan, The grons came From
the base of a black laver rich in orgame mat-
ter left during the Younger Dirvas, a cold snap
that began 12,900 years ago and lasted
1060 vears. The “black mat™ lies just above
the last arrowheads and spear poants crafted by
the Paleo-Indian Clovis people, as well as the
last bones ofthe mammoths the Clovis hunted.

From the odd composition of the Gainey
samples. Topping and Firestone inferred that
the sediments had been tageed 12,900 vears
ago by radiation from a nearby supernova that
devastated the Western Henusphere. [n late
2004, Allen West, a retired geaphysical con-
sultant in Preseott. Anzona., offered to help
with the byv-then-stalled project. Other spe-
cialists soon came on board. West collected
most of the samples and funded much of the
work with ST0000 of his own “fun money.”

Given new evidence, the researchers have
discarded the supernova seenano in favar of
amajor collision. They believe the impacting
ohject contributed many of their proposed
markers: iridm: irregularly shaped memalhc
grains, some extraordinarily high i titanium:
the same metalhie gruns melted mto micro-
spherules: nanodiamonds: fullerenes carry-
ing extraterrestrial helium: and excess potas-
sium-40. These markers have “no way of
being produced except by impact.” Firestone
said at a press conference at the meeting. The
collision with Earth, they propose, produced
other markers: soot and charcoal from global
wild fires; vesicular carbon microspherules:
and meled, glasslike carbon, The later two
carry the nanodiamonds.

Because they have found no crater or
shocked minerals, West and Firestone say
the alien object probably did not slam into
the ground. They beheve an oy comet sev-
eral kilometers in diameter and dirtied with
rock and carbon approached Earth and
broke up into bits, as comet Shoemaker-
Levy did before it hit Jupiter in 1994, Each
fragment exploded in the atmosphere »

CREDATS: ALLEM WEST
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over North America before reaching the
ground, in their scenario, The resulting
shock waves and et would have devastated
the plants. animals, and humans below. The
heat could also have melted enougzh of the
ice sheet then on North America to put a
freshwater lid on the North Atlantic, shut-
|.|r|"='_ \.Iﬂ'l'nl'l l]'ll.!' warm-waler docean “con-
veyor” and plunging much of the hemi-
sphere into the Younger Drvas cold spell.
Most histeners at the meeting gave the

AMNIMAL STUDIES

Younger Dryas impact a polite, sometimes
wlcoming recepion. But the one specialist in
tmpact markers who heard out the presenta-
tons isn't so sanguine. ©[Us similar w the sim-
atton with the Permian-Trassic™ impact pro-
prosat], savs David Kring of the Lunar and Plan-
etary Institute in Houston, Texas, “The pro-
posed signatures for an impact event shouldn’t
be dismissed. but they need to be tested. Unril
they are, one has to look at them a hinle skepu-
cully.” Indiwm, for example, might have been

SPECIA

Filling her gap

concentrated by slowed sedimentation or even
by algae. The charcoal could well be from
Clovis fire pits, And Kring says the extreme
titanium levels and the nanodiamonds embed-
ded in melted carbon make no sense to him,

A paper in review at the Proceedings of
the National Academy of Sciences may
answer 8 few keyv questions about the
comet clash—and perhaps lure combat-
weary impact specialists back into the fray.

=RICHARD A. KERR

NIH to End Chimp Breeding for Research

The LS, Nanonal Institutes of
Health (NIH). the world s J.‘II:::L':r-l
funder of chimpanzees used in
biomedical research, announced
last week that it was effectively
phasing itself out of the busi-
ness, ”I'i'iciull}', I's o money-
saving move, although animal
advocates are taking credit for
making it happen.

Barbara Alving, director
of NIHS National Center for
Research Resources (NCRR),
revealed at her institute’s advi-
sory council meeting on 22 May
that NCRE had decided to make
permanent its long-standing
moratorium on breeding chim-
panzees for research. which was
set 1o expire in December. NCRR currently
owns or supports 650 research chim-
pamzees, and Alving said the institte could
not afford w breed more animals, which can
require up o S300,000 cach over a lifetme,
In Fiscal yvear 2006, NCRE spent 51009 mil-
lion on its chimpanzees. Without breeding.
this population may die out within 30 vears
{Sefence, 20 JTanuary, p. 450).

Although anmmal advocates hailed the
move, researchers who do studies with these
chimpanzees decried it as shortsighted. ~It's
a horrible decision.” savs Evan Eichler. who
does genomic comparisons between chimps
and humans at the University of Washington,
Seattle. “There are so many levels where we
could regret this l.l.'.l_'n..“ Meuroscientist Todd
Preuss. who does noninvasive brain studies
with chimpanzees at Yerkes National
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Guest of the state, Without NIH support lor breeding of research
chimpanzees, today’s aging population will steadily be retired or die within
the next 30 years.

Primate Research Center in Atlanta, Georgia,
notes that chimpanzees are endangered and
can no longer be imported, “This 15 not a
resource that can be reconstituted,” savs
Preuss of the research chimpanzees. “Fifty
vears from now, people will wonder why
we did this.”

Preuss, Eichler, and other critics of
NMORRs move say maintining this large,
genctically diverse population of chim-
panzees could help answer pressing bio-
medical questions for humans about dis-
eascs such as Alzheimer’s and hepatitis B
and C, It also serves as an insurance policy
should chimpanzees become extinet, “[t's
penny-wise and pound foolish.” sayvs Ant
Varki, a glycobiologist m the University of
California, San Diego. who studies disease
differences between humans and chimps.,

{Another 300 or so chimps avail-
able for hiomedical research are
funded by primate facilities.
pharmaceutical companmes, and
other grants.

the United States and the New
England Anti-Vivisection Society

chimpanzees in “invasive™ bio-
medical research. Indeed. the
Humane Society claims that s
campaign—including nearly
22,000 letters to NCRR
part responsible for the decision.
John Harding, who heads primate
resources for NCRE, savs the
society is mistaken and that it was
purely a Niscal 1ssue.

MNCRR instinted the breeding moratoriem
in 19935, largely because AIDS vaccine
researchers ended up abandoming the expen-
stve chimp model when they realized that the
anmimals typically suffer no harm from HIV,
After seeking input from owside experts,
NCRR extended the moratorium three times.
Mo outside bodv—ineluding NCRR'S chim-
panzee working group
ending breeding completely, “10s very mappro-
priate,” savs Varki. Although the working
group has been consulted on the moratorium
before. Harding says it made no recommen-
dation on ths opie at its lstmeeting in March,

Yarki hopes several MIH branches might
each chip in a few million dollars 1w restan
the program, But if history is any indicator,
the institutes enjoy their distance from this
CONENNouS 1550, =JON COHEN

Wil 1N

has recommended
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You could

Yes, it can happen to you:
If you're a young scientist making inroads in neurobiology
research, the next Eppendorf and Science Prize for

Meurobiology could be yours!

This annual research prize recognizes accomplishments
in neurohiology research based on methods of molecular
and cell biglogy. The winner and finalists are selected by
a committes of independent scientists, chaired by the
Editor-in-Chief of Science. Past winners include

post-doctoral scholars and assistant professors.

To be eligible, you must be 35 years of age or younger.
I you're selected as this year's winner, you will receive
525,000, have your work published in the prestigious journal

Science and be invited to visit Eppendorf in Hamburg, Germany.

Get recognized!
Deadline for entries:

June 15, 2007

www.eppendorf.com/prize
www.eppendorfscienceprize.org

“ feel incredibly
honored to receive this
prestigious prize.”
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PRIZE FOR
NEUROBIOLOGY
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PROGRAM EVALUATION

Researchers Fault U.S. Report
Critiquing Education Programs

A new Education Department report that
scolds TLS. science agencies for domg a poor
job ol evaluating their combined 53 billion
education programs is itself getting a harsh
evaluation from researchers. In particular,
they obypect to its recommendation that ran-
domized controlled mals (RCTs) should be
the gold standard 1o judge how a program has
affected students. RCTs, they argue, are ill-
stiited to handle the complexity of most class-
room settings and Gl woell evaluators why a
particular intervention has worked.

The ®7-page report” was written by an
interagency panel chaired by Education Sec-
retary Margaret Spellings. “We've laid out
the metnies for agencies to follow,” savs
Kenneth Zeff. senior consultamt for policy
development within the Education Depart-
ment. “And we think that RCT s, when appro-
priate and possible, are the best way to learn
i something works,”

The report includes an inventory of all fed-
eral seience. technology, engineering, and
mathematics (STEM) efforts—some 103 pro-
grams across 12 Cabinet departments and
independent agencies, covering everything
from museum exhibits to graduate research
fellowships. The panel. called the Academic
Competitiveness Council (ACC), also
requested studies that had evaluated the effec-
tiveness of those programs, “We asked them to
aive us your best stuff” savs one federal offi-
cial imvolved in the process who requested
anomvmiaty, The couneil received 115 studies
but concluded that only 10 met its test for
rigor—and of those, only four showed “a
meaning ful positive impact” on students.

There's a reason that total is so paliry, say
researchers, RCTs, commonly used to test the
efficacy of new drugs or medical treat-
ments, aren’t appropriate for most educa-
tion programs because they can’t han-
" waww. ed.gowaboutfinits/ed competitiveness!
acc-mathschenceieport.pdf

EXPERIMENTAL

Randomized
Controlled Trials

dle the complexity of the classroom or other
et -wior bd settings, Students are not palls, and
evaluations that are blind 1o why a particular
intervention works aren’t very useful. It
hard 1o not be for ngor” says Irs Wess, head
of Horzon Research Inc., a contract research
firm in Chapel Hill. North Carolina, “And
they are right that an RCT is well-suited 1o
demonstrating impact. But if vou can’t say
when, for whom. and under what conditions it
wirks, what good does it do you 1o know that
something was effective™

Math educator Jere Condirey of Washingion
University in 5t. Louis, Missouri, says that the
report reflects “business as usual™ by the Bush
Admimstmton, The Education Department
hets heavily promoted the use of RCTs through
its research arm, the Institute of Education
Sciences (Sefence, 25 March 2005, p. 1861).
By putting RCTs at the pinnacle of a so-called
hierarchy of study designs (see drawing).
Confrey says, the report reinforces an “out-
dated model™ of evaluation, Confrey, who
chaired a 2004 study h}' the NMational Acade-
mies” Mational Research Council onevaluating
precolbege math programs that the ACC report
cites approvingly, says the ACC “picked up
from our report [the fact] that most evaluations
did not meet our standards, But they missed the
idea of multiple evaluations, using multiple
methods, o come up with a theory of change”

The agency with the biggest stake in fed-
cral STEM education. the National Science
Foundation (NSF), has funded precisely that
tvpe of work for decades. NSF officials have
dechmed to comment publicly on the report,
which was released 10 May by the Education
Department, and researchers say that they
aren’t surprised. As one rescarcher who
requested anomymity noted, 1 think they
are hunkering down and hoping that the
emphasis on RUTs fades once this
Administration leaves office”
-JEFFREY MERVIS

QUASI-EXPERIMENTAL

Comparison-Group Studies

OTHER DESIGN5S

Pre-Post Studies and
Comparison-Group Studies without careful matching
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Hunting for Genes ...

Canada has joined the growing lineup of coun-
tries selting up large databases in hopes of
finding links among genes, the environment,
and common diseases, Last week, the Canadian
government and the province of Quebec
agreed to spend $28.7 million over 3 years
for CARTAGEME, a long-term health study that
will begin by recruiting 20,000 Quebecans
aged 40 to 69. Another 56 million will fund a
comsortium based at the University of Montreal
helping CARTaGENE and other biobanks to
harmonize their data. -]OCELYN KAISER

... and Martian lons

BEINING—With two sueccessful crewed space
flights under its belt and a moon mission on tap
for later this year, China has announced plans
for its first voyage to another planet—with
Russia as its partner. In October 2009, Russia
will launch a pair of probes to Mars and Phobos,
one of two martian moons, The Russian half of
the duet is a lander that will colfect soil samples
on Phobos and return them to Earth, while
China is contributing a 110-kilegram satellite
called Fluorescent Light One that will study the
martian ionosphere, The work will accelerate
the development of Chinese remote-control
technology, says chief technical enginesr Chen
Changya of the Shanghai Institute of Satellite
Engineering. Chen says that China and Russia
have no plans Lo share mission data with other
countries, apart from what is released in pub-
lished papers. The Chinese mission budget is
also under wraps. =GONG YIDONG

Strong Start for Physics
Howse Democrats have trumped the White
Houwse in their support for physical sciences,
Last week, a spending panel allocated 54.5 bil-
lion for the U.5. Department of Energy’s (DOE's)
Dffice of Science, 3 16% boost over current ley-
els and 5116 million more than the White
Howse request, “I'm thrilled,” says Michael
Lubell of the American Physical Society.

The appropriators were silent, however, on
a new DOE entity modeled after the Penta-
gon's Defense Advanced Research Projects
Agency that was proposed by the influential
2005 National Academies’ Gathering Storm
report as a way to "sponsor creative, out-of-
the-box” energy studies. The House Science
and Technolegy Committee has authorized
$4.9 billion over 5 years for such an agency,
but compeling bills in the House and Senate
on innovation and energy cast some doubt on
the future of the entity, called ARPA-E.

=ELI KINTISCH
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SCIENTIFIC WORKFORCE

U.S. Immigration Bill Would Extend
Warmer Welcome to Highly Skilled

A clock began ticking for India®s Anjali
Mahajan as soon as she fimished her Ph.D
in biophysics from Ohio State University in
Columbus last December. Under LS. immi-
gration rules. Mahajan had 1 year to find an
emplover willing to sponsor her for a work
visa. known as an HI-B. The window
seemed Tar too short 1o Nind the job she
wanted. as a research scientist in the phar-
maceutical industry, Returning to India
wasn't an attractive option, either, becanse
her husband had a good ULS. job.

And so, in April, she settled for plan B,
which was to remain in academia. By acoept-
ing a position as a postdoc at the University of
Iimens, Chicago Cher husband got a transfer
there). she's all bur guaranteed a timely work
visa because of a rule exempiing academic
Jobs from the annual HI-B cap of 635,000,

Foreign students meay have more ofa choice
than Mahapn did if Congress passes amassive
immigration retorm bill that the LLS. Senate
began debating last week, Two provisions in
the 62 R-page Il,.':_.."i:\la'!l.iﬂﬂ wionild |!u||': somehody
in Mahajan’s position. One would increase 1o
2 wears the tme allowed for foreign students o
obtain an H | -B. The second would increase the
HI1-B cap from 63,000 to 115,000, with the
option of raising it to 180000,

Entry Points

Graduate degree

1.5, job in specialty occupation
Scored at least 75 on TOEFL

5 years LS. experience

Degree in a STEM or health field
L5, job in STEM or health feld
Recommended by U.5. employer
Age 25-39

Total (maximum of 100)

The overall bill would aler the landscape
of hugh-tech immigration, One of s pillars s
a framework for a new mer-based system of
granting permanent residency to immigrants
that would strongly favor voung workers
with advanced degrees in science and engi-
neering fields. including Mahajan, Under
this system, individual applicants would be
awarded points toward their so-called green
card based on specific eritenia such as a grad-
vate degree, employment in a STEM (sc1-
ence. technology, engineering, and mathe-
matics ) occupation, a recommendation from
a U.S. emplover, and fluency in English.
iMahajan’s score would be 80 points out of
[OHN, & Barly hogh rating. ) The 140,000 apph-
cants with the best scores would receive
ereen cards annually, After 8 vears, the num-
ber would rise wo 380,000 a vear.

The bill (5. 1348} has drawn mixed
reactions, “Allowing students 2 vears to
find a job in their field is a good move that
would help draw more global talent to
LLS, universities,” savs Debra Stewart, head
of the Washington, D.C.-based Council of
Graduate Schools. But Stewart is ambiva-
lent about the point system. [t appears to
have been successful in some countries, but
its specilics will determine whether 1t

Top scorer. A foreign-born scientist with a graduate degree who has worked in the United States for 5 years
would earn 90 points toward a green card under the Senate bill.

wiould merease our competitive position,”

Those specifics are already causing
heartache, Businesses feel they are being
pushed aside, Unlike the current system,
which hinges on emplover sponsorship. a
recommendation from an emplover carms
only a handful of points. “The points don’t
ensure that the worker will be fully
emploved and beneficial w the economy,”
says B. Lindsay Lowell, a demographer at
Georgetown University in Washington,
D.C. Lowell would like the emplover’s word
1o carry more weight,

Observers say that the system could also
mean fewer foreign stisdents at LLS. universi-
ties, a5 a graduate degree has the same value
regardless of where it s eamed. A better way
of attracting and retaming foreipn talent would
bz o “staple ereen cards 1o the degrees of for-
eign students graduating with masters and

Ph.D.s from the ULS.” says Lyvnn Shotwell of

the American Council on International Per-
sonnel in Washinguon, DUC, “These are people
that we simply don’t want to turn away.”
Shotwell says the point system also
leaves applicants guessing whether they
will qualify for permanent residency, In
contrast, Canada and Australia allow indi-
viduals who reach a set passing mark to
become residents, “The message it sends to
a skilled foreign worker is: Examine your
options.” she savs, “1f one country sayvs you
can get residency. buy a house, get settled.
and move on with vour life. and the other
country says: “We can’t guarantee thm you
will get it,” where would you rather go?™
Although Shotwell thinks the bill doesnt
oo far enough in welcoming foreign talent.
others say it recklessly lings open the doors,
Jack Martin of the Federation for American
Immigration Reform in Washingon, 0O,

which favors stricter laws, savs that some of

the bill's provisions will continue w depress
the wages of LS. workers. Instead of rising
the HI-B cap, Martin says, Congress should
“restructure the program so that it responds
to real market need for foreign workers”
through metrics such as “rising salaries for
workers in a particular job classification.”

Martin also opposes doubling the time
allowed for Foreign students to Find a job,
He says that the change simply creates “a
new eategory of workers who can be tken
advantage of by American employers before
being hired permanently.”

Lemslative mides predict that the pro-
visions increasing the HI-B cap and the
time to find a job will remain in the hill,
which will be voted on later this summer,
but that the merit-based system will Face
close scrutiny,  =YUDHIJIT BEHATTACHAR]EE
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Stern Looks for Way Out of NASA's Budget Squeeze

His 534 billion budget is stretched thin, but
NASA's new science chief doesn’t plan to
cancel space projects nearing launch or ask
for more money. Instead, Alan Stern says he
intends to beel up lunar science, champien
smaller and less complex spacecralt, and
insist on hard-nosed cost estimates before
larger missions can win approval,

Stern, a planctary scientist whao took over
on 2 Aprl. laid out has plan to revamp the
ageney’s trouhled science effort in his first
wide-ranging discussion with reporters on
24 May. Firting the rising cost of several mis-
sions in g science budget that's unlikely 10
grow beyond the 1" increase for 2008 pro-
posed by the Bush Admimstration is clearly a
priority. 1 don’t have to kill any missions,”
he insists. But he said NASA will consider
firmg those primcipal mvestigators in charge
of missions that spiral out of control.

He also wants upeomimg decadal studies
by the National Academies wo put a ceiling
on the cost of any particular mission, adding

that NASA 15 willing to plow millions of

dollars into independent estimates for use
by the academies” panels. A | May acade-
mies” report agrees that better cost estimates
are critical. Joseph Alexander. study diree-

HIGHER EDUCATION

Australian University Is Latest to Pull Up Stakes

Singapore’s hopes of becoming o n::,:lul]:||
center for higher education suffered a set-
back on 23 May when the University of New
South Wales (UNSW) in Sydney, Australia,
anneunced it is abandoning plans o establish
a comprehensive university there, The new
school was w be a key part of Singapore’s
“Global Schoolhouse™ vision, which aims o
foster a knowledge-intensive economy.

Both sides had high hopes 3 vears ago
when Singapore chose UNSW from
among 13 aspirants to build a university to
complement three existing local institu-
tions (Science, 30 Apnl 2004, p, 663).
Plans called for the campus to eventually
enroll 15,000 students and house biotech-
nology and related research that would it
with Singapore’s push to become a bio-
medical powerhouse.

UNEW Asia opened its doors last March
with 148 students, less than half of the 3001
had heped for, Second-semester enrollmen
wits also anticipated to fall short of the uni-
versity s target. The venture is “unsustain-
able.” UNSW vice-chancellor Fred Hilmer
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Small is good.

tor of that report, says that scientists on the
panel are “sympathetic in principle”™ to
inciu-.hlig what Stern calls “a tnpwire,” But
he cautioned that it’s not clear how specific

sand m a stmement, UNSW A s slated 1o
shut down on 28 June. A key factor behind
the decision’s timing is that construction

wias o begin soon on 396 million worth of

buildings, says UNSW spokesperson Judy
Brookman. The university will assist cur-
rent students in transferring w its Sydney
CAmpLs or o Singaporean mstittions.

This 15 not the Hirst time that Smgapore
has hit a snag in its efforts to lure foreign
universities 1o the island nation. In 2005,
talks with the University of Warwick, UK.,
to establish a second comprehensive univer-
sity collapsed, reportedly after concerns
about costs and academic freedom. And last
June. Singapore™s government and Johns
Hopkins University in Balimaore, Maryland,
shut down a joint research and education
program amid acrimonious claims over who
wits 10 blame for talures to meet goals on
faculty recruitment, student enrollment, and
technology transfer o local industry, among
other issues.

Singapore says it 1s undeterred by the lat-
est defection, “We are fully commined o

asurvey can or should be in laying out costs.

Stern also wants to do For the moon what
NASA did in the 1990s for Mars, when it
committed o Myving a mission to the Red
Planet every 2 vears, Starting with a
S20 million fund in 2008, Stern wants 1o
ereate a buzz for what he ealls “spectacular”
lunar science. That effort, along wath tar-
geted missions o the moon, could make use
of spacecraft already planning to use Earth's
gravity on their way o other destinations as
well as space telescopes. "Good results feed
on good results.” he says. “You don't con-
seript people into scientific Nelds: they go
where the excitement 15.”

He also defended NASAS approach 1o
earth sciences, which has been criticized for
a lack of attention to global climate change.
“We'll be very ageressaive” in backing the
academies’ recent decadal study of the
field, he says, citing the recent restoration
of the Global Precipitation Measurement

mission. He also promised greater use of

cheaper suborbital missions from NASA'S
Wallops Flight Facility in Virginia. “We're
going to advance the ball on ¢arth seci-
ences,” he says, “and we're going o turn
heads in doing " -ANDREW LAWLER

n Singapore

developing Singapore into a premier educa-
tion hub,” the Economie Development
Board { EDB ), which is spearheading Global
Schoolhouse. said in a statement, An
EDB spokesperson says that the few failures
must be viewed against a long hist ol suc-
cesses, including a branch of INSEAD, a
French business school offering MBA pro-
grams since 2000, And plans are afoo for
Duke University Medical Center and the
Mational University of Singapore to establish
a medical school using Dukes curriculum,
One lesson from UNSWS about-face is
that “it 15 not easy™ to set up an off-shore
campus, especiallv one combining teaching
and research, savs Phalip Altbach, director
of the Center for Imernational Higher Edu-
cation at Boston College. Universities with
international ambitions have been unable to
perswade key faculty members 1o uproot
and move to unfamiliar locations, he
explauns, “There 15 no successiul example™
o follow, Althach sayvs, UNSW could not
succeed where others have failed.
~DENNIS NORMILE
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A New Twist on Training Teachers

Major U.S. research universities are beginning to steer some of

their best students into the classroom in order to address a serious
shortage of quality science and math teachers

HEATHER MCKNIGHT DIDN'T THINK SHE
wils “throwing away her career” by wanting
to become a science weacher. But that's what
her professor warned when MeKnight
broached the idea of teachmg in the public
schools during a summer research stint in o
nanefabrication laboratory at Cornell Uni-
versity, MeKnight had gotten a similar reac-
tion from faculty members—and fellow stu-
dents, for thar matter—at Carnegie Mellon
University in Pittsburgh. Pennsylvania,
another research powerhouse. where she
spent her freshman and sophomore vears as a
phvsics major, “They just didn™ seem o care

1 JUME 2007

about teaching, or about me.” she recalls,
“All they cared about was their research.”

The next vear MeKnight did a summer
research project at Brigham Young Univer-
sity (BYU} in Prove, Utah, and loved i
“The teachers cared. and the classes were
more fun.” So McKnight transferred to
BYU—auand last month she graduated with a
physics degree and a cemibicate to each sec-
ondary school science, She's fimshing up an
on-campus job—designng an onling virual
science program for an academic pub-
lisher—while she sifis throurh several offers
for a high school waching spot back east

Last year, BYLL a private mstutution run
by the Mormon Chureh, graduated roughly
5% of all the new physics teachers produced
by LLS. colleges and universities in 2006,

Its ¢lass of 16 dwarfs the production of

Lll'i:‘. other '.I['II\.L'f."-”.:'. and even most states.
MeKnight didn't know that fact when she
arrived 1n Provo after completing a 2-vear
church mission in Spam, But she knew the
introductory science teaching course she
had taken, from former Utah state physics
teacher of the year Duane Merrell, “was
incredible. And what | loved most,” she
says, “was the hnkage between the labora-
tory and the classroom, the science and the
pedagogy, That’s what had been missing
everyvwhere else”

MekKnight's odyvssey mayv suggest some
answers o perhaps the most pressing
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question of the day for LS, science policy-
makers: How can the country produce
more and better science and math teach-
ers? This spring, Scieace visited BY U and
two other campuses—the University of
Texas (UT), Austin, and the University of
Colorado. Boulder (CU-B b—that are tack-
ling the question in differenmt ways.
Administrators on each campus have data
to back up their claims that what they are
doing 1s working.

At Texas, the effort 15 called UTeach. a
multifaceted 10-year-old program that has
become a national role model for turning
STEM (science, technology, engineering,
and mathematics) majors into classroom
teachers, The UT approach, well-tfunded
and comprehensive, begins with a frontal
assault on the problem by encouraging all
entering STEM majors 1w consider teach-
ing, Those attracted into UTeach get class-
room expenence in loeal schools beginning
in the freshman vear and take courses in

www.sciencemag.org SCIENCE VOL 314
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Teaching trailblazers. UTeach graduate Marshall Hester (igff) has taught biology for the past 5 years at Travis
High School in Austin, Texas, Science educator Duane Merrell (fopd works with BYU undergraduates in a
physics class. Above, lan Thacker (eft foreground) helps other University of Colorada, Boulder, students in his
role as a learning assistant for an undergraduate physics class.

pedagogy in parallel with their STEM
major. The goal is to graduate students in
4 wears with a science major and a teach-
ing certification (see p, 1275),

Colorado is pursuing an innovative
strategy that uses learning assistants
{LAs) for peer-assisted teaching inintro-
ductory science and math courses. The
program gives STEM majors their lirst
taste of teaching, as aides to the profes-
sors. Concurrently, all the LAs attend a
weekly class on education and learning
theory that 1s taught by master science

and math teachers. A small percentage of

LAs who decide to become teachers later
get ¢lassroom experience in loeal schools

and take additional pedagogy courses
(seep. 1276).

The BYLU program is built upon old-
fashioned nurturing of every STEM under-
graduate with an interest in teaching. It's
rooted in the idea that science and math
departments should ake responsibility for
training future teachers, working with mas-
ter classroom teachers who know how to
combine content and pedagogy, Tt also akes
advantage of the fact that many students,
including MeKnight, have already com-
pleted a 2=year mission for the Mormon
Church that has often given them their first
taste of waching along with ther religious
activities, Those students tend to be more
certan of their career goals, say BYU
administrators, and ready to wake advanage
of o program that combines research and

Continued on page 1273
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BYU TAKES TEAM APPROACH LED BY A MASTER TEACHER

PROVO, UTAH—Duane Memell looks like a high school science teacher.
Which is a good thing, because that's exactly what Brigham Young
University (BYU) wanted when it hired the award-winning Utah physics
educator 3 years ago into a new position as a clinical faculty member. But
driving around in his lsuzu pickup to visit student teachers and their
mentors in schools across the Wasatch Valley, the rumpled, laconic 47-year-
old Mormon also comes across

a5 a modern-day sheriff of so- Answering the Call
higher education, oul to I raduating phiysical sciene teachers
restore order on the nation’s F0- [Py sicuphysical science majors
chaotic frontier of training sci- r Earth, space, chemisbry education majors
ence and math teachers. w:

50 far, Merrell 5 making his % S0k 25 a2
presence felt, BYU's annual E - 24
production of science leachers B 90
excends those for many states, E m:
let alone individual institu- = | 28
tions, which suggests he's 0 24 24
doing something right, r 16

Although its affiliation with 10- 10 1

the Mormon Church adds a dis
tinct service component Lo its
educatienal mission, BYU tra-
ditionally did little better than
the average U.5. research uni-
versity in producing science
teachers. “We had seen a decline Lo about one or two graduates, in a pro-
gram that resided within the College of Education,” explains Earl Woolley,
dean of the College of Physical and Mathematical Sciences (MPS) at BYU. To
help turn things around, Woelley says, “the college of education agreed to
transfer the program and faculty slot [to MPS]. We realized that we had to
increase the engagement of our science Tacully in educaling teachers. And
we needed the right person to make that hap-

000-01  '01-'02

‘0203

Prime Mover: Robert Clark

Full-service education. BYL's annual outpul of secondary school science teachars
dwarfs that of most universities, and even some states.

pen.” He adds: "The biggest single thing thal we've done in the past
10 years for training science teachers was our hiring Duane.”

Merrell, who has received a presidential teaching award and numerous
state teaching honors, teaches three courses that form the core of the
physics education curriculum (along with more traditional education
courses and student teaching), Students must complete all but three courses
of what's needed for a tradi-
tional physics degree, and
many students find a way to
cram those additional courses
into their schedule, Merrell's
goal is to connect the pedagogy
with the science so that these
a8 future teachers “will have mul

tiple ways Lo engage their stu-
b dents.” Despite a heavy teach-
ing load, he tries to get off cam-
pus and into the schools as
much as possible, dhecking on
the progress of the students,
offering tips on how to present
03-04  '04-05 0506 0607 a lesson or lab, and helping
Year them prepare for the profession
they have chosen. Merrell
hand -selected many of the stu-
dents’ mentors and created a
teachers’ advisory council to tap their expertise. "It's the first lime we had
asked their opinion about what we were doing,” he notes.

“Duane is something special,” says Tom Erekson, a mentor physics
teacher at Lone Peak High School, who graduated from nearby BYU in 1994
as “the only physics teacher in my class.” Erekson says Merrell is proof of
how much one person can do to invigorale a program.

Merrell holds an open-ended faculty appointment, which gives him the
institutional staying power absent from other
programs in which educators spend 1 year on
campus a5 a leacher-in-residence. "My first year
went by in a blur,” he recalls, “It was the end of

42/ 5 31

It was 1969, and physicists with newly minted Ph.D.s were allegedly
driving taxis because they couldn’t find academic positions. So
BYU physicist Robert Bent Clark, then a junior faculty member at the
University of Texas, decided to expand young physicists’ career
choices. He scoured the country and came up with 75 job openings
for high school science teachers. Then he posted those openings—
more than the total from academia—at the job fair during the next
meeting of the American Physical Society in a performance that
elicited gasps from older members but heartfelt thanks from the
ranks of his unemployed colleagues. The effort also launched Clark,

a pariicle theorist, on a parallel 30-plus-year career in physics education thal would include the
presidency of the American Associalion of Physics Teachers,

The avuncular Clark has never worried about going against the grain: At Yale, where he
earned his undergraduate and graduate degrees, he chuckles that *| was known as the married
Mormaon football player.” And when a faculty opening in 2000 gave him and his wife a chance
to return to Utah, Clark says that | think they were expecting to hire someone right oul of grad
school. But they went with a graybeard.”

His colleagues say Clark is the tinder that has rekindled the universily's commitment lo
preparing physics teachers. And when the education department handed over its slot to the Col-
lege of Physical and Mathematical Sciences, Clark called up Merrell and twisted his arm to apply.
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the year before | realized all the changes that I'd
need to make in the second year.”

Despite his celebrity status among his peers,
Merrell says his work is far from over. He's on the
prrovied Tor master teachers to cover STEM (science,
technology, engineering, and mathematics)
fields in which he is not expert. The so-called clin-
ical faculty assistants will help out with large
introductery courses and—if they so choose—
take graduate courses to further enhance their
skills, He's recruited one in biology and one in
mnath, and in the earth sciences, he's just found a
“hybrid” whowill keep one foot in the classreom.
And then there's a new “Physics for Inguiry”
class. It's designed to give students enough con-
fidence to stick with that hands-on approach 1o
teaching science, even when the going gets
tough, rather than fall back on the traditional
lecture style of teaching. It's all in a day’s work
for a pedagogical sheriff.  <JEFFREY MERVIS
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Continued from page 1271
education objectives (see p. 1272).

These are not the only LLS, universities
and colleges expenmenting with ways to
improve the supply and training of teach-
ers for the nation’s schools. By far the
largest test bed 15 in California, which has
bezun a two-pronged attlempt w massively
increase the output of STEM teachers by
Its state-supported umiversities | see
p. 1279}, Some programs, including a
portien of the Califorma mitiative, are
consciously modeled after UTeach. But the
decentralized nature of ULS, higher educa-

Shopping for data. BYU student teacher Heather Mcknight enlisted
sandbags and shopping carts to help a middle school science class
understand the concept of acceleration.

tion, as well as different state requirements
for teacher certification, mean that even a
highly regarded program must be adapred
to local conditions,

Despite these differences, educators
seem Lo agree on the essential ingredients
for a successful program. They include:

= Sending talented undergraduates the
message that teaching is valued.

= Giving students an opportunity for early
classroom experiences so they can find out
whether teaching 15 nght for them.

» Enlisting expenenced classroom teach-
ers in shaping curriculum, mentoring stu=
dents, and working with faculty members.

* Teaching the subyect matter along with
the pedagogy courses,

= Strengthening hinks between science
departments and schools of education on
CAMpALS.

* Persuading faculty members that good

wwwsciencemag.org  SCIENCE

teaching s part of their job,

Incarporating these ingredients into their
programs hasn’t been easy for BY'LL CL-B,
and UT, however, And the transformation is
far from over.

The challenge
The push to improve LS, math and science
education is being fueled by a depressing
stream of state and national assessments
documenting poor performance. as well as
international tests showing that US, students
do progressively worse than their peers as
they move through the education
system. The sense of urgency is
captured in the title of a 2005
report by the Natonal Acade-
mies (Science, 21 October 2005,
P 4290, Rising Ahove the Cather-
intg Storm. The report asserts that
more and better science and
math teachers are essential for
continued LS. leadership in
science, the engine driving the
LLS. economy.

The current shortage of math
and science teachers in middle
and high school 15 the result of

higher-paying industry jobs, high
attrition and burnout, an aging
workforee, and a growing school-
aged population. Unlike vacan-
cies in the private sector, however,
o teacher shortage doesn’t trans-
late into a teacherless classtoom.
Rather, oo often the position is
filled by an “out-of-field"” eacher;
that is, someone with little or no
college traming in the subject, In
20040, for example. two-thirds of high school
physics students were taught by teachers who
didn't major in physics. Even for a core sub-

jeet like math. the figure is 31%.

A move 15 under way to change that. The
current Congress is awash in legislation that
embraces the CGathering Storm report™s call
for = 10,000 eachers, 10 million minds™ by
expanding federal support for undergradu-
ates majoring in STEM fields (Science, 4 May,
p. 6721 Bills passed recently by the Senate
(5. 761) and the House (H.R. 362 and

H.R. 2272) would authorize hundreds of

millions of dollars a year for the Robert
MNovee Scholarship program at the National
Science Foundation (NSF), which gives
moeney 0 STEM majors who agree w teach

in high-need school districis, Another set of

bills just introduced (H.R. 2204 and 5. 1339)
would create a similar program at the
Department of Education, Spending bills o

VOL 31é

many factors, ineluding the lure of
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'[Juniur High Means a .
Senior Commitment

Doug Panee has seen a lot in his 18 years as
a junior high school science teacher. But it's
what he hasn't seen that makes Panee such
an assel to BYU's science teaching training
program, “You can never think of all the
things that the kids will ask,” he says, with a
nod toward his eighth-grade class al nearby
Dak Canyon Junior High in Orem, Utah.
“Their creativity hasn't been stifled.” He
retains a similar respect for the 14 student
teachers that he has mentored over the
years, the latest being Heather McKnight
(see main Lext), “Alter all these years, 1'm still
learning how to teach, | certainly don't have
all the answers,”

Panee is being modest, says BYU's Duane
Merrell. Master teachers like Panee who are
willing ta share their classroom expertise and
their knowledge of the profession with stu-
dents have a greal deal to offer the program,
says Merrell. They allow students to make
their own mistakes—"1've had teachers try to
hand my kids a set of lesson plans, but that's
not what the practicum is supposed to be
like,” Merrell explains—while a1 the same
fime providing useful guidance on ¢lassroom
management and pedagogy.

The relationship nurtures students
through their internships and into the profes-
sion, giving them the type of support Panes
wished he'd had when he hegan his career
after graduating from BYU. "| was ready to
quit after 3 days,” he recalls. “My wife and
mother told me to stick it out.” Nearly
2 decades later, McKmight is glad he did.
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fund such programs starting next vear are
just beginning 1o move through Congress. In
the meantime, the private sector 1501 wait-
ing. This month. the ExxonMobil Founda-
tion will hold & meeting in Texas about its
S125 million National Math and Science Ini-
tiative (NMSI) that hopes to replicate the
UTeach program at dozens of college cam-
puses (mationalmathandscience org).
Although money 1s always needed. many
science departments actually have a bigger
problem with the very idea tha they should
help prepare the next generation of science
and math teachers. That job has radition-
ally been left wo schools of education. *[t's a
sea change for major research universities,
who traditionally have never prepared
teachers.” says Bruce Alberts, a biochenust
at the University of California, San Fran-
cisco, and past president of the National

Academy of Sciences, who made improving
science education one of his priorities dur-
ing his 1 2-year tenure.

Equally radical is the concept—eagerly
embraced at BY U, UT. and CU-B—of tap-
ping into the knowledze of experienced
classroom teachers 1o improve campus-
based instruction. By hiring people with
many vears of experience teaching science
in the local schools, the three universities
have challenged the sanctity of disciplinary
boundaries and overwrned the conventional
wisdom that faculty members in cach
department are the font of all wisdom in
their subject.

“When 1 started out, | thought that any-
one who had a degree could wach college,”
says Mary Ann Rankin, dean of the UT Col-
lege of Matural Sciences, who created the
UTeach program. “And students at a major

UTeach Makes Marshall Hester a Lifer

An overcast, humid spring day in this capital city finds Marshall Hester sweating through another
biology class at Trawis High School in Austin, Texas, It's an ESL—English as a second language
class in a high-needs school, and Hester weestles with his less-than-fluent grasp of Spanish, the
dominant language for his students, Winding down a 3-week unit an plants, he uses his laplop
computer to display a warm-up exercise showing a cross section of a leaf.

“What process is going on here?” he good-naturedly pumps the students, pointing to the top
layer of the drawing and straining to hear someone toss out the word “photosynthesis.” Then he
moves down the image. Bnd why is this layer on the bottom?” he asks, hoping for a mention of
respiration. *| know, 1U's not easy,” he says encouragingly. Bul there’s also a note of lrustration in
his easy bantering, “We just did this, and I'm a little disappainted that you dont remember.”

A graduate of the University of Texas with a degree in biology and certification to teach sec-
ondary school science, Hester was part of the second class of the university's UTeach proagram.
Teaching was in the back of his mind after a high school biology teacher turned him on to the won
ders of plants, although the initial education classes he took at UT were a drag. “But the Step | and

Il classes were greal

itwasn'l easy, bul it was fun,” he recalls. Now Hesler is hooked. He's in his

fifth year of what he expects to be a career at Travis. Asked why, he responds: “Is it cormy to say

that I'm doing it for the kids?™
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research university like UT probably can
survive any type of teaching. But its so easy
to turn off kids from science, By working
with the college of education. we can help
faculty aequire the tools o do better” Adds
Michael Marder. a UT physicist and director
of UTeach, “The real kevs to our prograim
arg the Tormer K—12 teachers serving as
master eachers, who will be the role models
for our students. These are the people who
wake up every day saying, “How can 1
improve my teaching? ™

Most STEM teacher-training programs
assume that the best weachers will have both
a solid grasp and love of their subject mat-
ter. But the way most universities treat their
undergraduates undercuts that assumption,
Historically. students who have done well in
high school science and math classes are
channeled into undergraduate programs
that emphasize research, not teaching. Then
the best collegiate performers are encour-
aged to go on o graduate school. In con-
trast, STEM majors who choose a career in
the elementary or secondary school class-
room are regarded as washouts, not win-
ners. That was certainly the message con-
veyved to McKnight, who grew up in a col-
lege town outside New York City with a
hiology pruilq,',l;.\.ur as a Tather and who
assumed that her interest in science would
lead to o career as an academic researcher.

The BYU. CU-B. and UT programs
broadeast the opposite message. and offi-
cials at each school say that is an important
ingredient in their success. Every incoming
UT freshman, for example, gets an invita-
tion from Rankin to check out the UTeach
program. part of an ongoing and aggressive
recruitment ¢ffort by the university, Each
class in the first pedagogy course for Col-
orado’s LAs begins with preza and soda,
Both Texas and Colorado also offer Moyce
scholarships, which provide up o S 10,000 2
year for 2 vears, “We're telling those who
want to go intoe teaching that they are our
elite, That's the opposite of what we have tra-
ditionally old them,” savs Richard McCray,
a professor emeritus of astrophysics at
CU-B and a co-founder of the LA program.
“We're showing them that we plan to treat
them well—with scholarships and pizza.”

For love and money
None of these programs is hugely expen-
sivie, The biggest of the three, with about
450 students enrolled, UTeach has an
annual operating budget of nearly 52 nul-
lion drawn from a variety of sources,
including a $9 million endowment for
Continued on page 1277
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AUSTIN, TEXAS—The University of Texas's UTeach is the most visible of the
new wave of teacher-preparation programs. [t earned an accolade in an
influential 2005 National Academies’ report on U.S. competitiveness, and
this spring, the ExxonMobil Foundation created a Mational Math and 5ci-
ence Initiative to replicate it. Its 10-year track record & impressive; From a
pool of highly qualified students, the university has more than tripled its
annual production of STEM (science, technol-
ogy, engineering, and mathemalics) teachers

and kept most of them in the classroom. " Th!l:“:u“:o::::w

But its success was far from preardained. - Math ieathers
In 1987, Texas changed its school certifica- 5%
tion laws to require future secondary school g "
teachers to earn a degree in a disciplinary i _,,
field. Designed to make sure that teachers g -
acquired more content knowledge in science "'I H B
and math, the law was actually driving stu- - |
dents away from those fields because of its e S P i s

stiffer requirements, At the same time, the
state’s flagship university was a bit player in
STEM teacher training: Out of some 12,000
students in the UT graduating class of 1996,
only five were certified 1o teach secondary science and only 16 in math.

Mary Ann Rankin, dean of UT's College of Matural Sciences, decided that
something had to be done to get more STEM majors into teaching. Soin the
summer of 1997, she asked a group of master teachers from the area’s pub-
lic scheols to design a curriculum that could be ready to go by fall. “The dean
told us te assume that nothing would remain the same and not to worry about
the cost,” recalls Mary Long, the program's first master teacher, who remains
a guiding light. “And a month later we enrolled the first students.”

What Long and her colleagues drew up remains the basis for the current
UTeach program. Its essential elements include aggressive recruitment of
potential teaching candidates, an early exposure o the classroom as part of
two tuition-free courses, a strong network of
teachers in local schools who mentor UT trainees
in field placements, a new sequence of pedagogy
classes taught by master teachers in STEM fields,
and disciplinary classes with faculty members
modeling best teaching practices. Jere Confrey, a
prominent math educator who helped create the
curriculum before moving 4 years ago to Wash-
ington University in 5t. Louis, Missouri, says that
one key changewas linking each of the three new
pedagogy courses—knowledge and learning,
classroom interactions, and project-based
instruction—to the subject matter, namely,
math and science. "Non-content-based methods
courses are silly,” she explains,

The program acquired “instant credibility”
among the faculty when UT physicist Michael
Marder agreed to sign on as director, says Rankin.
“He's also absorbed an incredible amount about
the world of education that has been extremely
valuable.” Forging a partnership between the Col-
lege of Natural Sciences and the School of Educa-
tion, says Rankin, was another critical element.
“Previously, a STEM major who wanted to be a
teacher would get their major in our college and

wwwsciencemag.org  SCIENCE

Prime Mover: Mary Ann Rankin

Mary Ann Rankin launched the UTeach program
because she believed that the College of Natural Sci-
ences, of which she is dean, needed to become more
involved in preparing secondary school science and
math teachers. But it wasn't just an academic exer-
cise, Rankin's daughter, then in fourth grade and
attending a suburban school district with an excellent
reputation, suddenly went fram loving school to refus-
ing to do her homework. An uninspired teacher, she
recalls, had made math “boring and repetitive, ...
and the science program was nonexistent,” With a
twinge of guill, Rankin says she transferred her lo a private school, where she resumed her
stellar academic career,

This fall, her davghter will start college (at UT, as it happens). But elementary school sci-
ence and math are still on Rankin's mind, She's thinking about jettisoning the two current sci-
ence courses for elementary education majors and replacing them with a three-course
sequence thal would begin with a research methods course, “lailored to their level,” followed
by a science component in the early classroom experience all UTeach students get. “They
would learn so much more, and we would be reinforcing the importance of science in the ele-
mentary grades,” she explains. “So many elementary school teachers shy away from science
because they don't like it or don't understand it, and it turns off the kids at a young age.”

NEWSFOCUS I

UTEXAS TELLS SCIENCE MA]JORS: WE WANT U (TO) TEACH

then take their gen ed [general education] requirements, which, to be honest,

were nol the most exciting courses.” The new courses, she says, "are relevant

{o what they need to know to teach science, and they get to use their knowl-

edge in the classroom,”

In addition to an enrollment of nearly 500, UTeach officials are especially

proud of what happens once students graduate from the program. More than

80% actually go into teaching, and since

—_ 2000, some 92% of that pool have remained

n in the classroom. That's an impressive reten-

[ tiom rate for a profession in which 40% of
teachers leave within their first 5 years,

il From the beginning, Rankin and Marder

n & have sought to make the program self-

: sustaining without cutting back on elements—

w such as the twition reimbursement for the

initial field experience courses, called Step 1

and 2; intemships, so that students can pursue

bl education-related summer jobs rather than

Positive trend. Texas's oulpul of science teachers has
soared since UTeach began in 1997,

work at the mall; and stipends to mentor teach-
ers—that could not be funded by the state.
The selution, they decided, was an endow-
ment. That's how Jeff Kodasky became the program’s financial godfather.

"I was on the dean’s advisory council when she first talked about it,
and | was intrigued by the idea,” says Kodosky, a New York native who
moved to Austin for graduate school and in 1976 co-founded National
Instruments, which provides measurement and automation software. It
was clear we weren't producing many science and math teachers, And having
an education major decide to leach science always seemed backward to me:
Why not start with someonie who loves sdence?” Alter providing seed money
for the initial curriculum, Kodosky and his wife, April, agreed in 1999 to
donate 55 million. The endowment has grown to 59 million, with a goal of
515 million. =JEFFREY MERVIS

Team player. Rankin with UT mascot,
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COLORADO ALSO SEEKS IMPACT ON CAMPUS

1276

BOULDER, COLORADO—The goals of the Physics Education Research
(PER} group at the University of Colorado, Boulder (CU-B), are as big and
bold as the Rocky Mountains that loom over the campus: toimprove under-
graduate student learning and to produce more STEM (science, technology,
engineering, and mathematics) teachers. But rather than getting their feet
wel by teaching in the public schools, as with

most such programs, Colorado students first # Participating faculy
interact with their peersin an approach that also  ag

aims to improve undergraduate education,

“Back in the 1990s, | won lots of teaching
awards,” explains Jim Curry, chair of the applied
mathematics department and an early convert to
the program. “But then | found out that the kids
in my [introductory] caleulus class were strug-
gling later on in thermodynamics, and the pro-
fessor would come by and ask me why | hadn't g
taught them. Well, we do teach this stuff, but
2 years later they've forgotten it The problem is
that they never really lzarned it.”

The program, which Colorado officials have
dubbed course transformation, begins with fac- 03
ulty members inviting top-performing under-
graduate students in their introductory classes
to become learning assistants (LAs) in their
course the next semester, It's the first step on the ladder toward becoming
a teacher, Along the way, they earn 51500 by assisting the professor dur-
ing lectures as well as running weekly tutorials. in addition to helping stu-
dents with homework sets, the peer tutors explain the basic concepts being
covered in class. Concurrently, the LAs begin a seres of pedagooy classes
taught by experienced science educators intended to meld their content
knowledge with the skills they will

7
ER 7]

# Learning assistants
(per semmedtorh

it got them interested in teaching, | thought, Let’s exploil that,”

This spring, he also found a way to put the LA program on the road to seli-sustainability, offer-
ing 5120,000 if the university agreed to a three-to-one match. (The donation was made anony-
mously because ke felt a public announcement “would be too boastful.”) Now retired, he's only
working about 70% of the time. *I helped get this started, so1'd like to keep lending a hand.”
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Campus revolution. The Colorado program is
affecting many aspects of university life,

Prime Mover: Richard McCray

CU-B's Richard McCray has done pioneering work in theoret-
ical x-ray astronomy that earned him election tethe National
Academy of Sciences. But he says that his late-career quest
o understand how students leam—»to improve undergradu-
ate instruction and prepare the next generation of science
teachers—"is more of a challenge and more interesting” to
him. He also thinks it's more importanl, “Bright students
don’t want Lo sit passively and listen to a lecture; they want
to interact, These huge intro courses are acling as a filter,
And we all need to do something about that.”

McCray stumbled onto the idea of using learning assis-
tants (LAs) after getting a grant from the Pew Charitable
Trust. The goal was to increase technology in the classreom in ways that could be sustained with-
oul more meney. “Bul | couldnt make it compute,” he confessed. The traditional model, using
graduate students as teaching assistants, wasn't economically feasible, he says. “The only way |
could do it was by using LAs; you could get seven undergraduates for the price of one grad stu-
dent. And when | found that the LA experience was extremely powerful for these students, and that

need to become effective leachers.

The LA program is directed by faculty from the school of education
and the physics department, building vpon the pioneesring work on
physics education research done by Lillian McDermott and others at the
University of Washington, Seattle. “She convinced the field that physics
education was really physics,” says group mem-
ber Steve Pollack, a physicist who migrated
from nuclear theory to education after using a
sabbatical to pore over the scientific literature
on how students leam. “We've managed lo do
that here, too.”

Valerie Otero, the effervescent physics edu-
cator who runs the L program, calls Pollack one
of her "seekers.” Together with Noah Finkelstein,
the trio is studying student oulcomes in
LA-assisted courses at the same time they
expand the number of courses, departments,
and faculty using LAs. Although the group has
won converls across the university, Pollack
admits that most faculty members “stay where |
was & years ago. They say, 'This is good mate
rial, leave it with me and I'll use it." But they
won't do the research themselves that could
take them to the next level,”

Part of the reason is that course transformation is hard work. Gabe
Thatcher, who took a quantum mechanics class from Finkelstein last fall
and then served as an LA for the same course this past semester, manveled
at how much Finkelstein tailored his “clicker guestions™—an interactive
method of instruction developed by physicist Erik Mazur at Harvard that
provides immediate feedback on how well students understand a particu-
lar concept——to the needs of the students in each class. "He probably only
used about 60% of the guestions he had asked
when | took the course,” says Thatcher. “I was
really impressed.”

Preliminary results show that both LAs and
their peers leam maore science than do those not
in classes with LAs, and aboul 15% of the LAs
decide to pursue teaching as a career. (Because
of high demand for a limited number of these
paid slots, only students who agree (o become
teachers can be an LA for more than two semes-
ters.) This fall, the program’s first 11 graduates,
armed with teaching certificates, will enter the
classroom. That's half of the state's entire output
in 2005, a year that saw CU-B graduate exactly
one STEM major certified to teach.

The on-campus component of the program
also dovelails with a systematic effort to improve
the teaching of undergraduale science begun by
physicist Carl Wieman with money from his
2001 Mobel Prize. Last vear, Wieman moved to
the University of British Columbia in Vancouver,
Canada, which offered him more resources. But
he retains an appointment at Colorado, and the
stafl of his science education initiative work
alongside the LA program staff.
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Continued from page 1274
activities not covered with
state funding. And Marder
has an expansionist bent,
Last vear, for example, UT
began a program to provide
muore first-vear students with
early research experiences
using a grant from MNSF and
the Howard Hughes Medical
Institute. By involving sei-
ence faculty members and
enlisting second-vear stu-
dents as peer instructors, the
initiative mirrors some
aspects of Colorado™s LA
program. Marder's goal is to
reach one-guarter of each
freshman elass, with the
hope that seme of them will
decide to be teachers.

falerie Otero, who directs
Colorado™s LA program. has
also been adept at attracting
outside funding. The LA pro-
aram began officially in 2003 with a
SO00.000 NSF grant, and the next vear it got
a 3300,000 boost from a physics teacher
education consortium (phystec.org) funded
by NSF and the American Physical Society,
Last year, NSF gave the Colorado team
S1.5 million ever 3 vears to study its success
in improving student learming and Filling the
teacher pipeline. It's in line for %1 million
more from NSF in 2008, Otero savs, thanks
o the university™s recent decision ta commil
S360,000 over the next 3 years,

AL BY L, university administrators say
they don’t need to rely on cutside funding
because the cost of their program is so mod-
est, There are no stipends for LAS, no uition
waivers for initial classroom experiences, no
paviments o mentor weachers, Not even free

First steps. Amanda Geist (feft) and Michelle Stachurski explore how children learm
science in a class for learning assistants at the University of Colorado, Boulder,

food. Earl Woolley, dean of the College of
Physical and Mathematical Sciences. says
the budget for the science education pro-
gram is “nothing” compared to the 5 100,000
or 50 that it costs to support a single gradu-
ate student, By his caleulation, “once we got
[Merrells] position, we spent 825,000 the
first vear on equipment for field experi-
ments and anything else that he asked for.
But he scrounged most of it

Universities new o the game can get help
in adopting some or all of the program from
the UTeach Institute, which was formed Jast
vear to disseminate the programs’ findings
after Marder and Rankin started getting calls
from universitics wanting to know maore
about what they had accomplished. Next
month, the mst-

r"{l";aching for a Living or for Life

Gabe Thatcher isn't a classroom teacher, And the senior electrical engi-
neering major at the University of Colorado, Boulder (CU-B), may
never become one. °l like teaching. It's really stimulating. But | also
like money,” says the 27-year-old California native, speaking candidly
about the anticipated gap between a $60,000-a-year starting salary as
an engineer and the $35,000 he can expect to earm in the classroom.
His calculations include a wife who's planning o return to school and

the couple’s desire for a family.

But Thatcher is closer to teaching than most students in his field,
having served as a learning assistant (LAY this past semester for an introductory physics course
that he took last Tall, As an LA, he also attended weekly classes on how students learn, Laught by
CU-B's Valerie Otero and Steve lona, a retired local high school science teacher, Both experiences
deepened his appreciation for what it takes 1o convey information o someone else, “Even il I'm
not a classroom teacher, | need to understand how my kids learn and how my co-workers learn,”
\If explains. “As a working engineer, | think being a good teacher is a key teol.”

E;
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tute 15 hosting a conference
for applicams to ExxonMo-
bil’s initiative, which this fall
hopes to give out 10 or 50
£2.4 million grants to univer-
sities interested inreplicating
the UTeach program. If the
imitiative raises enough
money, says CEO Tom Luce,
a retired Dallas laowyer who
came back to Texas last fall
after a stint as assistant
secretary for policy in the
LS. Department of Educa-
tion, the number could even-
tually swell w 50 sites,

CU-B has apphied fora
grant, seeing it as a way to
gromy its program, “We have
about 30 math and science
majors in the pipeline, and
our soal for vear 4 would be
to quadruple that number,”
says Colormade’s hero. “We
Feel thats doable, il their program is as good
at recruiting students as they say it is.”

In contrast. BYU declined to submit an
application. University administrators didn’t
see the need to seek outside tunding for
something that they were already doing and
would eventually have to finance themselves,
anyway. Indeed. the final 51 million of the
MNMSI grant. which would create an endow-
ment. is contingent on a university maich that
demonstmates o commitment W sustamng the
changes made possible with NMSI funding.

For one of UTeach’s newest master
teachers, 32-yvear-old Jason Erman,
becoming a teacher was never about the
monev, A computer science major at
Carnegie Mellon, he walked away from a
well-paying job at an Austin software
company during the height of the dot-
com boom that he says “was paying me
more money imomy First vear out of
school than Ul probably ever earn as a
teacher.” After completing UTeach™s
master’s program, he taught math for
5 years at Kealing Middle School in
Austin before signing up last fall 1w help
train the next generation of teachers,
Likewise, MecKnight says that she
turned down a full-time job at the pub-
lishing company that would pay hera lot
maore than what she’ll earn as a teacher.

Their career paths altirm the impor-
tance of what's happening at UT, CU-B,
and BYUL “It just feels hike the nght thing
to do.” sayvs Erman. “And it’s something
that the country needs.”
=JEFFREY MERVIS
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California Heads Down Many Roads
In Search of Best Training Model

The state’s research powerhouses are feeling their way while the CSU system goes full
speed ahead in producing more high-quality teachers

In the naton-state of California, producing
more math and science teachers has become a
high-stakes numbers gome—with a bewilder-
ing number of plavers and more than one set
of rules.

Staring at a projected need for 33000 new
miath and science teachers over the next decade,
which dwarls the state’s current output,
Governor Arnold Schwarzenegger won
pledpes in 2005 from the state’s two public uni-
versity systems to tackle the problem in retim
for increased state aid. The 23-campus Califor-
miat State University {CSUY) sys-
temt, which now produces about
0% of the state’s weachers in all
(ields, agreed w double its out-
put of 750 math and science
teachers by 2000, The Univer-
sity of California (UC) system
set o more ambittous goal from
a lower base—1o qu;ﬂ,[ru]'rh.: the
200 students now graduating
from its 10 research-oriented
campuses with seience and
math teaching credentials.

S0 far, so good. But those
similar goals hide imparant
differences in how the two sys-
tems are tackling the problem.
For CSLL its Mathematics and
Science Teacher Initiative
means building on a long,
prowcd hstory of raming each-
ers. Accordingly, its changes are evolutionary.
invielving mew paths o credentialing. improved
trackmg of its graduates, more partnerships
with federal agencies, and novel ways o deliver
high-quality coursework,

C5L) schools have already increased out-
put by 37% since 2005, raising from 6.3% o
B.8% the percentage of science and math
teachers among the wal annual production of
12,000 teachers. “Its a top prionty for all our
campuses, and we're doing it through a range
of different sirategies.” says Joan Bissell, head
of teacher education programs within the
CSU chancellors olTee,

[n contrast, trmining lots of teachers will
reguire wrenching changes for most UC cam-
puses, their science depanments, and individ-
ual faculty members. Many of them bristled at
the idea of mking a wp-down approach, so last

wwwsciencemag.org  SCIENCE  VOL 3146

vear, the Science and Mathematics Initiative
{SMIL which implements the system's promise
1o the povernor, was transformed from a pro-
gram run out of the office of UC Chancellor
Robert Dynes woa decentralized efforn inwlich
each school is allowed to set its own priortes
and decide how best w achieve them,

“The effort to improve STEM [science,
technology, engineering. and mathematics]
teaching has been on the back burner nation-
ally for 20 vears.” observes Fred Eiserling, a
UC Los Angeles microbiologist who heads the

Teachable moment. Chancellors Charles Reed (left) and Robert Dynes (right) have
promised Califomia Governar Arnald Schwarzenegaer that their Cal $tate and University
of California campuses will graduate more science and math teachers.

schools SMI program and who also serves as
eoordinator for all UC campuses. “At UCLA,

wieve built up our program with the help of

outside grants. But its never received the atten-
tionn it deserves, SNV will allow each campus (o
ratchet up its efforts,”

One striking example of the different
challenges facing the UC and CSU sysiems
is their reaction to the new National Math
and Science Intiative (NMSI) funded by
ExxonMobil to replicate a 10-vear-old
Texas program called UTeach (see p. 1275).
Half of UCS 10 campuses have submitted
apphications in hopes of expanding their
fledgling activities. In contrast, none of the
23 CSLU schools 15 bidding for the money.

Bissell says CSU plans wo stay the course
with students eaming a bachelor’s degree fol-
Tevwed by full certibication as part of a master’s

NEWSFOCUS

program before they began teaching—rather
than veer toward the UTeach model. in
which students combine classroom exper-
ence. pedagogy. and core science studies in a
d4-year program. Part of the reason is that
Texas has different certification require-
ments, she savs, But she also points o a recently
completed G-year analysis of 1300 Califorma
mitth and science wachers. [t found than those
whao had gone through the “full preparation
model™ were better prepared and performed
Better in the classroom than so-called intems, a
category that Bissell sws would apply o most
UTeach gradumes,

In companson, UC schools were drawn 1o
the NMSI program. SM1's second name. in
fact. 15 CalTeach, in honor of the Texas pro-
gram. But a similar name doesn’t necessanly
mean the same type of sweeping changes,
UCLAS proposal, for 52 4 million over 4 vears,
for example, would permit education courses to
be counted as part of the degree
requirement for STEM majors,

Erserling makes no apolo-
gies for the incremental
approach. “We have 26 differ-
€Nt SCIENOE Majors, ACToss ning
departments,” he says. “So
making this change will take
time, cost a lot of money, and

people. If we can get depart-
ments to agree to allow stu-
dents to substitute one of the
CalTeach courses for, say, an
astronomy course, itwill send a
message that teaching s
important. And that will help
change the eulture.”

IV history is any gunde, how-
ever, even incremental changes
won't come easily, In 1993,
Heather Calahan gradumed from UCLA and
became a high school math eacher. Two vears
ago, she retmed o help administer, as well as
teach in, the school s Joim Mathematics Educa-
tion Program, JMEP 15 a 20-vear-old effort
with essemtially the same goals as SMI that has
limped along without any of the hoopla or
resources of the new initiative, The program
rurs on o shoestnng, however, and so far, SMI

hasnt meant any additional resources. In fact, a
JMEP request last year for some sdministeative
help was tumed down,

This sprng. Dvnes old a congressional sci-
enee commmuttes that as SMI ramps up, T pre-
dict we are going to see real magic happen”
Calahen can only hope that some of the mage
will ruby off on those working in the trenches 1o
prepare more science and math teachers,

=]EFFREY MERVIS

1 JUNE 2007

require buy-in from a lot of

1279



What’s the quickest
link to advances in

the world of science?

AAAS Advances—the
free monthly e-newsletter
exclusively for AAAS
members.

Each month, AAAS members keep up
with the speed of science via a quick
click on the newsletter Advances.

Look for the next issue of Advances
delivered to your inbox mid month, Look
up archived issues at aaas.org/advances.

Features include:

* A special message lo members from
Alan Leshner, AAAS CED

= Timely news on U.5S. and international
AAAS initialives

s |ust-released reports and publications

* Future workshops and meetings

# Career-advancing information

* AMAMS members-only benefils

All for AAAS members only.

aas.org/advances

MYAAAS

cage 10 m

incerel, 5
?'12;1 Leshned CED, Py |
iy 3
i psals are due
e gt p“::id TechnoloBY fur‘

o EECiEnce 4 n Fri
Khpeling. Sc o Eohyryary i Sa




CRF LT D CUTAL VEIONGETTY BRUAGES

LETTERS

edited by Etta Kavanagh

Biodiversity Loss in the Ocean: How Bad Is It?

THE RESEARCH ARTICLE “IMPACTS OF BIODIVERSITY LOSS OM OCEAN ECOSYSTEM SERVICES™ BY
B, Worm ¢f af, (3 Mov, 2006, p, 7T87) projects that 100% of sealood-producig species stocks
will collapse by 2048, The projection is inaceurate and overly pessimistic,

Worm er al. define “collapse™ as oceurring when the curremt vear’s carch is <10% of the
highest observed in a stock’s time series. However. fish cateh is rarely an adequate proxy for
fish abundance, particularly for rebuilding stocks under management. A variety of biological,
ceonomic, and social factors and management decisions deternmine catches; low catches may
oeeur even when stocks are high (e.g.. due to low fish prices or the effects of restrictive man-
agement practices), amd vice versa, The inad-
equacy of Worm er al.s abundance proxy is
illustrated by the time series of data for
Georges Bank haddock ( Melanogrammiis
acglefinus ). The highest cateh for haddeck
occurred in 1965 at 150,362 wns (F) This
catch occurred during a period of intense
domestic and international fishing (/). In
2003, haddock catch was 12,576 tons, or 8%
of the time serkes maximum. Under the Worm
et al, defimition, the stock would be catego-
riced as \'n||'.|.|'1.~u:1,| in 2003, However, stock
assessment data (/) estimate the total magni-
tude of the spawning biomass in 2003 w0 be
1% of that in 195, Comparning the estimate
of spmwvning stock biomass in 2003 o the
level prodducing maximum sustmnahble vield
(MSY), the stock was not even being over-
Fished in 2003 (2).

Because adequate stock abundance meas-
ures exist for only a portion of world fish
stocks, this purported worldwide meta analy-
sis required using data that represent the low-
eat common denominator of data—the total magnitude of the catch, However, ifthe catch mtio
metric is so prone o misrepresentation of the true stas of populations, as illustrated above, a
synthesis of world fisheries based on these data is equally flawed. At the least. the authors
should have conducted a calibration of their stock collapse metne with more complete stock
abundance data available from the many worldwide sources where such data exist.

The extrapolation of ther stock collapse metric to 100% by 2048 does not agree with the
recent history of stock status, particularly in the United States. National Marine Fisheries
Service data indicate that for 2003, about 26% of stocks were classified as “overfished™ (7). For
most stocks, overfished status oceurs when the population size drops below 50% of the popu-
lation required w support MSY, Even under this more conservative defimition of stock reduc-
tion. the proportion of stocks classified as overfished 15 actually declimng slightly: i 2004,
2R of stocks were so classilied. Extrapolating a 2% decrease in the number of overfished
stocks per vear leads to a prediction that no stocks in ULS. jurisdiction would be overfished by
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the vear 2018, However, such a meaningless
projection does not incorporate a large num-
ber of complex factors, such as the diffening
life histories of species, impacts of variable
ocean conditions on recruitment, and the
mcreasing  effectiveness ol management
measures, all significant shortcomings of the
prediction method and data of Worm er af,

To address persistent overfishing 1ssues, in
December 2006 the ULS. Congress passed and
the National Marine Fisheries Service is now
implementing provisions of the Magnuson
Stevens Fishery Conservation and Manage-
ment Act Reauthonzation Act (MSRA). The
law mandates that overfishing be eliminated
for all federally managed species by 20010 and
that science-based annual catch limits will be
caleulated for all of the 532 stocks currently
under regzulation.

STEVEN MURAWSKI,' RICHARD METHOT,?

GALEN TROMBLE?

IDirecior of Scientific Programs and Chiel Science Advisar,
National Marine Fisheries Service, Mational Oceanic and
Atmaspheric Administration, Silver Spring, MD 20910, USA,
Office of Science and Techmology, Mational Marine
Fsheries Service, Mational Oceanic and Almospheric
Administration, Seattle, WA 98112, USA. "Chief, Domestic
Fisharies Division, Office of Sustainable Fisheries, National

Marine Fisheries Senvice, National Doeanic and AMtmospheric
Administration, Slver Spang, MD 20910, LISA,
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THE PROJECTION FROM B. WORM E7 AL
(“ITmpacts of biodiversity loss on ocean
ecosystem services,” 3 Nowv. 2006, p. 787)
that all of the world’s wild fish will be col-
lapsed by 2048 attracted international media
attention. Such a projection is fallacious and
mappropriate o appear ina scient e jour-
mil. The use of catch data to indicate stock
stntus is misleading for several reasons, Catch
may be low due 1o management restrictions,
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and healthy, well-managed stocks may be
classified as collapsed. Many stocks noturally
fluctuate dramatically in abundance, and as
the length of the time series of data becomes
longer, the chance that any particular low in
abundance will cause catches to fall below
10% of the historical high catch becomes
areater. Finally, many examples of dramatic
declines in catch can result from political or
mirket forces, such as declaration of the 200-
mile zone. Worm er af. should have demon-
strated that thewr mdex of collapse corre-
sponded to stoek abundance-based indices.
This test clearly fails for LL5. fisheries. where
the proportion of stocks classified as over-
fished is declining, not increasing,
Furthermore, the Worm ef af, analvsis fals
o recognize that jurisdictions such as the
United States, Mew Zealand, leeland, and
Australia have good fisheries management
systems where the proportion of stocks tha
are overfished 15 declining. All of the fish will
ot b gone by 2048, Most importantly, Worm
er af. advocate Marine Protected Areas as a
wary to rehabilitate collapsed fisheries. None
of the well-managed jurisdictions use Marine
Protected Areas as essential parts of their
manazement strateey, Methods that have been
shown o work in well-managed countries

imvalve eliminating the competitive nature of

fisheries by incentives and application of con-
servative harvest levels (/. 2).
RAY W. HILBORN

School of Aquatic and Fisheries Sciences, University of
Washington, Box 353020, Seattle, WA %8195, Ush.
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IN THEIR IMPORTANT RESEARCH ARTICLE ON THE
precarious condition of ocean ecosystems
(“Tmpacts of bhodversity loss on ocean eco-
system services,” 3 Nov. 2006, p. 787). B. Worm
el al. introduced some confusing terminology
that needs to be clarified. Although the term
“biodiversity™ is sometimes used to mean the
general abundance of life, in publications on
comservation biology. it is almost always used o
indicate the relative number of species presem
ina given area o ecosvstem, The conservation
problem that the authors intended to emphasize
is that the populations of many commercially
valuable species hive been reduced to the point
that they no longer play important roles in the
communities w which they belong. Although
the phrase “population loss™ may provoke less
puhlic reaction than “blodiversity loss” itwould
have been more accurate.

Addiienal confusion was introduced
when inowas stated that records over the past
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millennium revealed a rapid decline of native
species diversity since the onset olindustrial-
ization, Surely, this statement, and the spe-
cific reference to extinetions { 100%: decline)
ol some species, must reler to some very lim-
ited localities. A thorough study of historic
extinetions in the sea published in 1999 (/)
showed that no fish species and only four or
five invertebrate species had become extinet.
Although many valuable species have suf-
fered severe declines, they are still with us
and may yvet be saved, The authors also
abserved that the number of species invasions
over time coincided with the loss of native
biodiversity. But my own research on this
subject has shown that almost all invasions
have not resulted in the loss of natve species
and have produced gains in biodiversity (2),
Inereases in species diversity generally pro-
duece an Inerease in Ccosvsiem services,

JOHN C. BRIGGS

Department ol Fisheries and Wildlile, Oregon State
University, Corvallis, OR 97333, USA.
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Response

MURAWSKI AND COLLEAGUES STATE THAT OUR
assessment of the impacts of zlobal marine
hiodiversity loss is overly pessimistic. They
imply that management interventions are
likely to reverse current trends of overfishing,
and that the LS. National Manne Fisheries
Service (NMFS) has already met that goal.
They cite Georges Bank haddock as an exam-
ple and contest that catch metrics {as used in
our global analvsish are sulficient to wack the
status of this particular fish stock and possibly
others. We agree than precise biomass data are
preferable, butthese are rarely avanlable. Here,
we illustrate that catches are a good proxy of
the status of haddock, although there can be
a short delay in detecting recovery under
intense management. While NMFSS own
data show that full recovery s stll uncommaon
(<5% of overfished stocks) (/) we strongly
agree that destructive trends can be turned
arotnd and that rebuilding efforts need w be
intensified to meet that goal. But we must not
miss the forest for the trees: Continuing focus
on single, well-assessed economically viable
species will leave most of the ocean’s declin-
ing biodiversity under the radar,

The Georges Bank example illustrates well
how intensive management can reverse the loss
of marine biodiversity and ecosystem services
i see figure ) and was in fact included in our own
recovery analysis, Haddock stocks collapsed
from Foreign overfishing inthe 19605 and from

domestic fleets in the 19805, The first collapse
was reversed by establishing a 200-mile
Exclusive Economic Zone in 1977, the second
by an emengency closure of half of the fishing
arovnds in 1994, Haddock biomass increased
promptly in both cases, and catches followed
with a |- to 6-vear delay (panel A of figune),
indicanng that fishing became again economi-
cally viable. The importance of lange-scale pro-
tected arcas for such unprecedented recovery is
well documented (2),

The delinition of “collapse™ we used refers
ter it loss in catches of Y0% below the historie
maximum { 3). According to this metric. the
Georges Bank haddock stock, or more pre-
cisely the ecosystem service it supplied, col-
lapsed from 1970 to 1977 and 1953 1o 2003
{panel A of figure). Using stock assessment
data from NMFS (), we find that stock bio-
mass similarly collapsed from 1970 o 1977
and from 1982 to 1997, The stock biomass
wits considered overfished under NMFS rules
from 1967 10 2002 and i 2004 (panel A of
{igure),

Thus, available data suggest that catch
records tracked biomass changes, overfishing
status, and stock collapses reasonably well
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Year
Comparison of fisheries catch and hiomass trends.
(A} Georges Bank haddock (Melonogrammus
aeglefinus) catches (white diamonds) and spawning
stock biomass (red diamonds). Black line indicates
collapsed status based on 90%: reduction in catches;
red solid line indicates collapse based on 90%
reduction in biomass; and red dotted line indicates
overfished status as defined by NOAANMES. (B)
Global fisheries trends. Shown is the propartion of
fisheries where catches in a given year declined 90%
or more below the historic maximum (black dia-
mands and trend line from our paper), and those
that have been assessed by FAD as overlished,
depleted, or recavering from depletion [red squares,
from (5)]. The latter are only a subset of all stocks,
i.e., those that have biomass estimates available.
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{limear regression; catchagamst biomass 1963
to 2004 ¢ = 090, F < 0.0001), By 2004,
catches had increased w =100 of the maxi-
mum, or “recovered” by our definition. This
example implies that use of stock biomass
data (as opposed o catch data) would no
change our overall conclusions,

The Georges Bank example is built on
some of the best fisheries data in the world and
on effectuve. but sull uncommon management
practices. In our global analysis, we could
obviously not rely on precise stock assess-
ments available only for a fraction of the
world's fisheries. Even in the United States,
half of the Y03 species recognized by fisheries
management are not assessed because of data
waps, and out of the 74 speckes that are assessed
as overfished, 34 stll experience funther over-
fishing, while only 3 have recovered (7).

Murawski er af. imply that ifwe had used a
different metric of collapse or had aceess to
global stock abundance data, we would not
have seen the steady decline in fisheres
stocks that our analysis revealed, They pro-
vide no reanalysis of global fisheries data and
rely on a single positive example to suggest
that the future of seafoeod 15 currenthy sate, Our

paper concentrates on the ability of high-
diversity ecosystems o support services such
as fisheries cateh and suggests that efforts o
suppon natural levels of marine diversity will
be a powerful foree in preventing the seafood
collapse of which we warned, We share the
fervent hope of Murawski er al that changes in
fisheries management can help reverse this trou-
Dbling trend, and suggest that an honest recogni-
tion of the global problems we face. combined
with a comprehensive assessment of successes
and solutions, will be the best way forward,

Hilbom also raises concemns about the use
of catch data in our analysis and calls for
demonstration that catch trends approximate
fish stock abundance trends. Although meas-
ures of stock abundance are crincally im-
portant to fishery management, our study
focused on the Nows of goods and services
friom marine ecosystems to humankind: food
supply was one of these eritical services. and
fishenes catches are the approprate metne
this context, Recent assessments of the status
of world hisheries used differem approaches
and data sources, vet they all reach pessimistic
conclusions about the direction of global fish-
eries trends (3-7).

LETTERS I

For example, Hilborn and co-authors [{ 7,
p. 339] sate that “we anticipate further de-
clines in abundance. further loss of jobs and
Fishing communities, and potential structural
change to marine ecosystems.” They used
catches in the same way as we do to distin-
auish well-managed abundant fisheries from
Failed. depleted ones. Their “landings indica-
tor” (current yield over maximum hiswric
vield) [( 7). tables 2 and 3] ranges from (.28
to | for well-managed Nsheries, from 0 o
(.11 for depleted stocks, and 0014 for a recov-
ering stock ( 7). Thus, our cutofT for “collapsed
stocks™ an 0.1 seems well supported, as sug-
zested by others (3).

Hilborn doees not provide any documenta-
tien to substantiate the argument that stock
abundance data {as opposed to catches) may
show a pattern different to ours, When
we compare the United Nations Food and
Agnculture Organization’s (FAO) assessments
of world fisheries (avinlable since 1974) with
our catch rends, the general magnitude of
change appears similar {panel B of figure ),
There is more variability in the FAQ esti-
mates, as they are based on a smaller subset
of fisheries, Le. those that have proper
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abundance data available. The fact that within
the last 7 yvears. both indices fall above the
long-term trend may be optimistically inter-
preted as an early sign of positive change
{panel B of figure).

Hilbom asserts that we have disrezarded
recent Management SUCCesses in some juris-
dictions. We focused on the relatonship
between biodiversity and services, not on
fisheries management, in our paper. The
maintenance and restoration of biodiversity
consistently emerge as our eritical manage-
ment recommendation: this is consistent

with previous work on the importance of

stock complexity (¥). In the context of our
study. Marine Protected Areas (MPAs) pro-
vided a replicated experimental framework
for studving recovery of biodiversity and
services, We are not advocating the establish-
ment of MPAs as the sole policy solution 1o
resolving the problems of fisheries manage-
ment. Rather, we suggest that sustainable
fisheries practices. pollution control, mainte-

nance of essential habatats, and creation of

marine reserves all need w be part of a
broader strategy to manage ocean ecosys-
tems for their biodiversity and associated
services. We fully support Hilborn's call to
create incentives for conservative harvest
levels as pan of that broader strtegy.

Briggs asks for clanfication of some ter-
minalogy. Although the term “biodiversity™ is
used in many ways, it has been elearly defined
by the Convention on Biological Diversity as
“the varability among living organisms [rom
all sources including, inter alia, terrestrial,
marine and other agquatic ecosystems and the
ecological complexes of which they are part;
this includes diversity within species. between
species and of ecosvstems™ () Our study
focused on the variability within and between
species, Briees suzeests that the term “popu-
lation loss™ would more accurmely describe
our study than “biodiversity loss™ and felt that
we mostly dealt with commercially valuable
species. This is not the case. Our study con-
cerns the accelerating loss of populations and
species: both are essential elements of bio-
diversity {¥).

Briggs is further concerned about the role
of species extinetions in coastal ecosystems.
We do not refer 1w “global™ but “regional™
extinctions within the 12 estoanne and coastal
ecosystems studied, but these include several
species that are now globally extinet. Local
and regional extinctions are much more com-
mon than extinetions on a global scale (/0. £1)

and are relevant For considering the efTects of

diversity on ecosystem services, because
these are often provided ot a local or regional
level. In other words, the ecosystem conse-
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quences of species loss oceur long before
global extinction ( £ 1),

Finally, Briggs 15 confused about our
statement that an increased number of
species invasions over time coincided with
the loss of native biodiversity, which he
interpreted as invasions causing extinctions.
However, the reference we cited (/2) shows
mechanistically that declining biodiversiny
can facilitate invasion and that diversity loss
could be a comnbuting cause rather than a
consequence of invasions in these systems.
Briggs also sugzests that imasions produce
eains in biodiversity, which in werms ol sim-
ple number of species is correct. However,
we stated in our paper that invasions did mot
compensate for the loss of native biodiversity
because they are comprised of other species
eroups (f3), Briges implies that biodversity
eains from invasions may enhance ecosystem
services. This is an interesting idea. Although
some invasive species may contribute to spe-
cific ecosystem services (such as invasive
clams filtering the water of San Francisco
Bav), there was no evidence in our study that
invasions halted or reversed the marked loss
of ecosystem services in coastal oceans.
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Problems of Searching in

Web Databases

THE ISSUES DESCRIBED IN THE ARTICLE "EURO-
pean Umien steps back from open-aceess
leap™ (M. Enserink. News of the Week, 23
Feb.. p. 10635) mask a deeper problem. Simply
putting scientific content into Web-accessible
databases will not make it easily available,
because commeonly used search engines do
not crawl databases.

The vast majority of Web-accessible sci-
entific material resides in databases that can
only be searched sequentially using manual
input of search terms. This makes it prohibi-
tively laborious for individuals to search
more than a small fraction of the hundreds or
thousands of existuing databases, These data-
bases are commonly called the “deep Web”

The U5, RE&D prencies have made a start at
addressing this problem with www.science,
gov, which allows simultaneous search across
35 massive federal document dotabases. A new
project, Scienceworld, will extend this model
to include content housed by other national
sovernments, But in the long run, someone
needs to coordinate searches to all the major
Web-accessible document databases in the
worldh mast of which are nongovernmental,

Simple Web accessibility is o necessary
condition for the difusion of scientific knowl-
edge_ but it is not sufficient. The issue of open
aceess. although important. pales in compari-
som 1o the problem of deep Web access,

WALTER WARNICK

Office of Sciemtific and Technical Information, LS.
Department of Energy, 1 Science.gov Way, Dak Ridge, TN
ITB30, USA.

CORRECTIONS AND CLARIFICATIONS

Reports: “A single /GFT allale is a major determinant of
small size wn dogs”™ by N, B, Sutter ef al {6 Apr., p. 112).
Affiliation 4 choild have been the Depairtment of Ecology
and Evolutionary Biology. Mso, in the Fig. 18 legend, the
labels for twa genatypes in the histogram were reversed.
The bladk line with closed triangles represents 171, and the
gray line with closed circles represants BB,

Policy Forum: “The obwious war™ by M. R. Samardzija (12
Jan., p. 1900, In paragraph 5, Hne 31, in the sentence “For

WL SCIENCEmag. ong




example, in 1991, U.5. companies spent over 31 billion
enforcing o defending agaimst patent lawsuils, while only
spending roughly $300 million on RE&D expenditures (12},
“$300 milkion” should read, "53.7 billion.” The last sen-
tence of the penultimate paragraph & incarrect, It should
read “Mandel indicates that neither the Federal Cinquit’s
test nor the Supreme Court's test comgletely resolve the
|||r|d'\_-,|!;-|'|l, |:|r|.'.ﬂ.||l.'l1l (211"

TECHNICAL COMMENT ABSTRACTS

CommenT oN “Impacts of Biodiversity
Loss on Ocean Ecosystem Services”

John Jaenike

Warm ef al. (Research Aricles, 3 November 2006,
p. 787 used a power relation to predict a global col-
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lapse of fisheries by the year 2048, However, a linear
regression of the data for the past 40 years yields an
excellent fit, with a predicted date of collapse of 2114,
Thus, long-term projections of fisheries collapse are
highly dependent on the specilic statistical madel wsed.

5820/12853

CommenT on “Impacts of Biodiversity
Loss on Ocean Ecosystem Services”

Michael ). Wilberg and Thomas ]. Miller

Warm ¢ al. (Research Articles, 3 November 2006,
p. 7870 reported an increasing proportion of fishernes in
a "collapsed” state, We show that this may be an artifact
of their definition of collapse as a fixed percentage of
the magimum and that an increase in the number of
managed fisheries could preduce similar patierns as an
increase in fisheries with catches below 109% of the
MK mum.

Full text at www_sciencemag.orgfogifcontent/fulli3 16/
5829712850

CommenT on “Impacts of Biodiversity
Loss on Ocean Ecosystem Services”

Franz Holker, Doug Beare, Hendrik Dorner,
Antonio di Natale, Hans-Joachim Ritz, Axel
Temming, John Casey

Warm et al. (Research Articles, 3 November 2006,
p. T87) investigated the importance of biodiversity to

=l e

i

LETTERS

maring ecosystem services across temporal and spatial
scales. In projecting the extent of Tuture hisheries col-
lapse, we argue that the authors inapproprately eatra-
polated beyond their available observations and used
data on marine reserves and lishery closures that are
ol repredentative of glabal fisheries.

Full text at www.sciencemag.argicgifcontent/ full’3 16/

5B29/1285¢

Response To CoMMENT oN “Impacts of
Biodiversity Loss on Ocean
Ecosystem Services”

Boris Worm, Edward B. Barbier, Nicola
Beaumont, J. Emmett Duffy, Carl Folke,
Benjamin 5. Halpern, Jeremy B. C. Jackson,
Heike K. Lotze, Fiorenza Micheli, Stephen R.
Palumbi, Enric Sala, Kimberley A. Selkoe,
John ). Stachowicz, Reg Watson

We show that globally declining fisheries catch trends
cannot be explained by random processes and are con-
sistent with declining stock abundance trends. Future
prajections are inherently uncertain but may provide a
benchmark against which to assess the effectiveness of
conservation measures. Marine reserves and fsheries
closures are amandg those measures and can be equally
elfective in tropical and temperate areas—>but must be
combined with catch-, effort-, and gear restrictions to
mieet global conservation abjectives.

Full text at www.sciencemag.org/cgifcontent/ full/3 16/
5829112854
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COMMUNICATING SCIENCE

Because Science Matters

Barbara Kline Pope

ecently, [ was sittmg withmy five-vear-
ald son on a dingy vellow leather chair
in the uncomfortable quiet of our der-
miatologist’s vast wanting room, As [ was whis-
per-reading a Magic School Bus book to him, |
heard the words, “Well, 1 ean sort of believe
evolution. .. Immediately looking up, [ sw a
wiomnan in her mid-30s with an open book on
her lap. She was relating her opinion to a retr-
ing elderly man seated beside her. [ listened
intently, hoping for a lively discussion about a
topic that is oceupying much of my time these
days. She continued, “but | justcan’t see thatthe
big bang really happened™
Most of us are familiar with the dismal state
of seience literacy, Basic science concepts and

facts escape many people. A majority of

Americans say that they do not accept the valid-
ity of some of the most established scientfic
theories—as witnessed on that visit to the
doctor. And perhaps the most
important feature of the woetul
state of public understanding of
science is the average American’s
lack of a firm grasp of the
process of science 1selfi ).

The seience commumity and
policy-makers point o many ills
that result from the public’s fail-
ure to understand, appreciate, or
engage with science and tech-
nology. The concept of “aivic
seience literacy™ implies thn
knowledge of hasic scientific

A Scienti

Media
Pra

ideas 15 necessary for adeguate
citizen parncipation in decision-
making, preparation for employment, and the
practical aspectsof daily hife (20 The increasing
number of science and technology-related pub-
hic issues makes science literacy an essential
component of public participation, informed
public policy, support for science (3), and ult-
mately, robust global competitiveness,

These worries are not new, and programs
to educate the American public about science

abound, A quick browse of the Web sites of

scientific societies reveals that most have at
least one program designed to address the
problem. Public schools and universities are
reacting to this need, as are most other sectors

of society. Given the increasing importance of

The reviewer is al the Mational Academies, 500 Filth
Street, NW, Washington, DC 20001, USA E-mail:

bklineg@nas. edu

Talking with the

~al Advice
nthe Unio

H I P peper
0 acient

by Richard

Hayes and
RS

scrence and technology
in all of our lives. indi-
vidual scientists them-
selves have a responsi-
bility 1o take the lead
i communicating thear
research findings and
offering insight into the
scientific process to de-
cision-makers and the
public.

Hﬂ.’i{'l'l lisls can |3i!]'[iL’l|'l:lh.' mn !'I'l,.'ll'l!-' '|'|.'.I:|':‘|
speaking with community groups and schools
and direetly with business leaders and politi-
cians. Speaking o the public through the media
offers o way that scientists can efficiently reach
miany people with ther messages, But how can
scientists ensure than reporters represent their
science accurately? Will they be held in high
esteem by their peers for promoting their
work—aor will colleagues think
that they are wasting precious
time thet could be spent on “real”
work? How can scientists attract
reporters’ atention in this media-

s Guide to

fragmented society in such a way
that athers will benelit from their
insights? All these questions amnd
a host of others are answered in
A Scientist s Cide to Tafking
with the Media by Richard Hayes

Concerned Scientiss) and Daniel
Cirossman (o science journal-
ist), This superbly organized
and well=written primer guides
scientists through the process of talking to the
public through the medi

At first glance, one might think that this is
all just common sense, And much of it is. But
the ook 15 full of common sense not com-
monly practiced. We all know that we should
choose a few major messages and stick with
them throughout an imerview with a reporter,
bt how many people actually use a “message
compass” 1o keep themselves from wandenng
from the most important points? Haves and
Cirossman offer lists of specific things toask a
I'&.'E'Ii wier I'II'H MDD A0 INLErvISwW s rli_ll'l Hfl.l.i !I]'I_'._L
our homework—items that we just might not
thank abowt on our own, Their section on cre-
ating effective messages includes examples
and helpful advice on specific wording, They
remind ws that “long-winded statements rarely
end up in newspaper articles.” so we should

imedia director of the Unmon of

make sure that our messages have “a certain
something extra™—something that is “sur-
prising, catchy, humorous, or sobering.”

Missing from the book are an emphasis on
the fragmentation of the media and how o
communicate more effec-
tively In an environment
where consumers of sei-
ence information  have
thousands of choices
including the ubiguitous
Web. Whit's the best way 1o
engae blogger journalists?

One of the books most
useful sections attempts to
narrow the cultural divide
between scientists and jour-
malists, Many science journalists do an exeel-
lent job reporting on complicated issoes under
very tight deadlines, Many scientists help that
process by pulling out the most relevant mes-
sages from and framing their work in ways that
are meaning ful w people’s lives. This and many
other actions detailed in the book suggest that
there can be a happy, productive parmership
between scientists and jourmalists. But Tewer
and fewer science-trained journalists are
employed by the news media today. General
reporters with little or no science expertise
often cover science beats and are carrying a
heavier load m general (), The authors tell eve-
|'|n:|-|'|]':i.ng atories aboul science news articles
zone awry, detailing ways in which both the sci-
entists and journalists could have prevented
misunderstandings and miscommunications
that caused sometimes life-threatening prob-
lems, They say, “We have focused on such ou-
rageous cases not to scare you away from con-
tact with the press, but because such stories
starkly illustrate that the scientific conumunity
needs to communicate better. The situation des-
perately needs to be improved.” T hope that
more scientists will embrace communicating
with the public and use this book as one of their
tools For improving the simuation.
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FUBLIC HEALTH

Bumpy Road to
Vaccination Policies

Rino Rappuoli

lthough vaccines may well be the

mast effective form of medical inter-

vention ever iniro-
duced. factors having nothing
ter dov with science or medieine
have greatly influenced their
acceptance and use. The his-
tory of vaccination shows the
importance of the passions sur-
rounding the social, legal.
political, and industrial prob-
lems associated with convine-
ing healthy people to be vacci-
nated against severe, debilitat-
ing, and often lethal diseases,

James Colgrove’s Suare of
Sty capiures the emotions
that shaped the course ol vaceination etforts in
the United States from the beginning of the
20eh century w contemporary tmes, Colgrove
{a Columbia University historian of public
health) describes the bumpy road that led w the
remarkable status of health now enjoyed by
children. His breathtaking narrative is effec-
tively supported by the illustrations (historical
photographs and advertisements) and a rich list
of references. Colgrove discusses the episodes
that followed public health efforts o deploy
vaecines against smallpex, diphtheria, perus-
sis, polomyelits, measles. swine fu, rotvirus,
mnd bioterrorism, Therefore, the ook is not
about the history of vaccine development per
se: in fact, many good vaccines that wene intro-
duced without generating emotional opposi=
tion are barcly mentionad.

Colgrove describes a history of repeated
eyeles of “expansion and backlash.” The use
of anew vaccine spreads as campaigns of miss
persuasion fuel countrywide enthusiasm for
the conguest of another disease. Complacency
then sets in as the threat of the discase wanes.
The ever-present perceptions of vaccine-asso-
ciated risk now lead people o question the
value of the vaceination. During the backlash
phise, more attention is given to the question
ofwhether imdividuals must freely choose vac-
cination or should be directly or indirectly
compelled to be vaccimated.,

Discussing the early 18905 smallpox epi-
demic in Brooklyn, New York, Colgrove

The reviewer is al Nowartis Vacgines, Via Florenting 1,
53100 Siena, laly. E-mail: rino. appuclignovartis.com
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atate of Immunity

shows that people were already debating
whether vaccination campaigns should rely
solely on persuasion or also invelve compul-
sien, police enforcement. and quarantine.
Even at that date, efforts that constrained the

liberty of individuals to proteet the health of

the public generaed strong opposition, lezal
suits, and the emergence of antivaccination
activists, Eventually. public health authorities
adopted the soluton of Keeping vaccination
voluntary but using “indirect
compulsory”™ metheds such as
requiring vaccination 1o attend
school—a  procedure  that
became universal in the United
States in the 19705 under the
slogan “No shots, no school”
But debates over mandatory
vaccination of public school
children continue today,

The book also provides his-
torical background for under-
standing how vaccination be-
came accepled as a cost-saving
procedure. During the 19105
and 1920s, the major insurance companies
wiere heavily involved in public health activi-
ties through the gathering of mortaliy data
and the preparation of educational materials.
In 1927, medical statisticians working for
Metropalitan Life caleulated
that the cost of diphtheria to
Amencan society was 5200
million per vear in medical and
nursing costs alone, without
considering the disruption 1o
commerce and business caused
by quarantine and other proce-
dures. Convineed that an infant
is an economic asset that has
the potential o ncrease wealth,
Met-Life actively supported
the introduction of vaceines,

Among the other topics
Colgrove explores are the con-
quest of poliomyelitis by the
Salk and Sabin vaccines, the
efforts o eradicate measles.
the substantial obstacles o
vacenating the poor. the con-
cept of product iability, and
the controversies surrounding informed con-
sent and mandatory vaceinations.

The backlash azainst vaccination that
began in the 19705 was accelerated by a dra-
matic 1982 welevision program that described
diphtheria-periussis-telanus vaccing s i rou-
lette that risked causing permanent neurolog-
teal damage. The program led directly
to the formation of the activist group
Dissatistied Parents Together. There was an

BOOKSETAL

enormous inerease in the number of legal
actions against vaccine manufacturers, and
several companies abandoned the vaceine
market. This situation accelerated the intro-
duction of a federal compensation program
{through the 1986 National Childhood Vac-
cing Injury Acth which reimbursed medical
and rehabilitative expenses for those who
suffered a severe reaction from vaccination.

D o successiul of research and develop-
ment programs. the last 13 vears have seen the
introduction of several new vaccines (such as
those for faemaophiifus iflienzae, hepatitis B,
acellular pertussis, and Presmococctis ). These
have increased the number of shots grven to
each child and the fear that too many imnu-
nizations may be responsible fora varety of
child health problems, including asthima, sud-
den infant death, diabetes. and autism. That
concern has been taken up by Representative
Dan Burton ( R-IN), who is fully convinced
that either a measles-mumps-rubella vaccine
or a thimerosal-contamng vacems caused his
grandson’s autism.

On the whole. State of lmmmenity 15 an
excellent resource for physicians, research-
ers, and policy experts in the field as well as
for lay readers. Colerove helps one under-
stand the history of vaccination policies.
While the science and the safety of vaccines

made a gquantum jump during the 20th cen-
tury. the basic social, legal, and political
aspects of vaccimation have remained much

the same-—e.g., the current controversy sure
rounding cervical cancer vacoime, Because
we still face problems similar o those
Colgrove discusses. the book should be
very helpful for tackling them today and
into the future.
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Energy Security for North Korea

David Von Hippel and Peter Hayes

n the 13 February 2007 Six-
Party Talks in Beijing. members,
wresthing with the DPRE s
{ Democratie People’s Republic of
kForeas) nuclear weapons pro-

mated

‘Wood/ Biomass

B

gram, stated that the promise of £

energy aid was a key part of the ”"’::”"-

bargain whereby the DPRK is 1o

freeze its pluomum production Ref. Prod.— —59315:-‘:'0'!

(1. 2). Energy loomed large be-
cause the DPEKS energy insecu-
rities must be overcome if'it is o
reverse course and disarm its
nuclear weapons and dismantle s
nuclear fuel eyele, as demanded
by the other five parties at the
talks. The first Six-Party Talks
energy working group meeting,
held i Bening on 17 March 2007, was domi-
nated by toreign affairs officials. Future nego-
tiations should avord falling into the same
traps that resulted in the {ailure of the
energy cooperation dimension of the 1994
LS -DPRK Apreed Framework: technical
and economic factors were subordinated to
the political imperative of “getting to yes”
resulting inan agreement that was in many ways
not practicable on the time seales expected.

At the end of the Cold War, the DPRK
economy went into a precipitous decline, and
the energy sector went with it (3, 4). Total pri-
mary energy demand in 2005 was about 642
petajoules: total delivered energy o meet end-
use demand was about 320 petgjoules (3). For
comparison, the DPRKs 22 million people
consume about three times the fuel used by
Washington, DUC.5 shightly more than half a
million people ( 6).

The DPRK cconomy is powered today
much more by biomass such as wood fuel,
charcoal, and agricultural waste than by oil
{see chart, above). In this regard, the DPRK sits
today about where the South Korean encrey
econony wis in 1965 The rest of the DPRE S
energy supply is domimated by coal (7).

Hit hard by the floods of the mid=1%90s,
the DPREK coal industry operates well below
1= moamimal capacity, Recent compuled statis-
tics (&) mmdicate that the DPRK produced
=22 million metric tons of coal in 2002, about

ke

Mautilus Irstitute, Eugene, OR 97401, USA, and Melboume,
Australia; dvonhip@ig.ong and peter.hayesg@rmit edu_au

3%
Crude il /
4

Energy supply. Hydro/Mudl., hydroeleciric and nuclear plants; Ref,
Prod., reflined petroleum products. Further discussion of the estimates
for this figure can be found in the supperting online material (5).

35% lower than in 1990,

The DPRK's overall generating capacity is
nominally about 10 @eawatts of electrie power
(CGrWe), where 1t has remained since abouwt
1990, but only about 5.9 GWe, and quite possi-
by less, 15 acwally operable today (9). OF this,
about 3.9 GWe is hydroelectrie, and abour 2
CrWe s thermal-powered {mostly coal y—a fig-
ure the Morth Koreans confirmed in Beijjing at
the first Six-Party Talks energy working group
mweting, Thus, the entire DPRK is rumning at
most on the equivalent of two to four large-
sized power plants, depending on the season
and wvailability of operable supply,

The thermal (fossil fuel-based) power
generation system i the DPRK has ereded
significantly (3, 4. [n virmally all of the large
power stations, only selected boilers and tur-
bines are operating, and those that ane sall in
use operate a low efficiency and capacity

owing to maintenanee problems and lack of

fuel. { There have been reports ol some refur-
hishing of selected plants in recent years.)
Losses in the power syvstem are high, perhaps
206, and the grid has collapsed into subgrids
on different frequencies and subject to huge
voliage and frequency variations. The capac-
ity factor of generators, especially hydroelec-
tric plants. is low. and the DPREK has built
many small- o medmm-sized hydropower
dams and generators of dubious efficacy.
Recently, the DPRK installed card-type
electricity meters in some households in
Pyongyang as an imitial step toward reforming
how electricity 15 prced and sold,

Warth Kerea should be provided with energy
assistance based on technical and economic
realities rather than om nuclear politics.

Crude oil 15 imported from China for the
DPRK's one operating major refinery. Since
the end of heavy fuel oil shipments in
2002 by the Koresn Penmsula Development
Organization (set up under the 1994 Agreed
Framework ), most imported petroleum prod-
ucts are also from China (/) with small
quantiies coming from Russiaand elsewhere.

DPRK Energy Demand

Buildings, especially residential buildings,
took the biggest share of energy use in the
DPRK as of 2005 (see the chart on page
1289 Thas fact reflects the survival needs of
the impovenished population and the signifi-
ant use of hiomass fuels at low efficiency For
cooking and heating, particularly in rural
areas. The relatively tiny fraction of household
and commercial energy use that 15 electrical
varies greatly in terms of availability by
region, city, season, and ome of day. The hig-
ser cities and some industrial areas hooked
directly into new hydropower plants or the
mare reliable thermal power plants have more
electricity more of the time, but some areas
receve clectmenty only rareh

Most cooking and heating, particularly in
rural areas, is fueled by wood and biomass.
Because of supply constraints, household coal
use has declined since 1990, Many offices,
mast commercial buildings. and almost all
actories are unheated. Based on remote sens-
ing data, it is now possible o estimate that the
DPEK has suflered a roughly 10% deforesta-
tion since 1993 (1),

In recent years. the DPRK economy has
begun to grow amun, albeil very slowly and
unevenly, and mostly in sectors that are not
energy-intensive. Some light mdustry and
retail or service activity has been observed,
bt other than increased mining (especially of
magnesite, iron ore, copper, lead, and zine)
120 heavy and medium mdustry remains
stagnant, Agriculture accounts for about 7%
of twtal energy demand, though 70% of esti-
mizbed agricultural-sector fuel use is wood and
biomass for crop processing. The transport
sector remams a relatvely small user of fuels
in the DPREK. because most people walk from
place o place, The DPREK has imported o few
thousand cars annually from China—and
each year, tens of thousands of bieyeles have
been imported (Fi1), Finally, the DPRE mili-
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tary sector accounts for about 7% of coal use
{roops living in bases, plus militry-run fac-
tories) and about one-third of refined oil
usage or, overall, about 9% of ial energy
demand (/3).

International Cooperation

The pervasive nature of the DPRKs energey-
sector problems means that an approach tha
focuses on one or several massive projects
simply will not work, A multipronged ap-
proach is required, with a large suite of coordi-
nated smaller, incremental projects.

Seven specific energy-sector initiatives
that will assist in the process of rapproche-
ment with the DPRE. help the DPRK to get its
economy and enerey sector working ina sus-
tainable {and peaceful ) manner, and help to
pave the way for additional cooperative activ-
ities in the energy sector include:

L. Assistance jor internal policy, econom-

10%
3% — o
— Ot
~ 59
3295 4 1\\1%
2% “pog

Energy demand. Comml, commercial. Further discussion of the estimates for
this figure can be found in the supporting online material (51

i, and legal reforms 1o stinndate and susiain
energy-sector rebuilaing, This could include
reform of energy-pricing practices and pro-
viding physical infrastructure o implement
them: capacity buillding for careful encrgy
planning o allow aid o be based on need and
rational objectives: tining for enereyv-sector
actors; strengthening regulatory agencies and
educational and/or research institutions in the
DPREK: and involving the private sector in
investments and technology transfer,

2. Rebuitlding of the electrical ransmission
el elistribation (T&O) svstem, The most
cost=effective approach for international and
Republic of Korea assistance in this arca will
be o work with DPRK engineers to identily
and prioritize a list of T&D sector improve-
ments and investments, and to provide limited
funding for pilot installations in a limited ares.

3. Rehabifirarion af power plants and other
cogl-uxing infrastriciere. Anomitial focus

WY
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should be on improvements m 19,000 small,
medium, and district heating boilers for
humanitarian end-uses such as residential
heating. Targeting improvements in (nonmili-
tary) industries with pood prospects for
foreien-exchange carnings is also needed.

4. Rehabilivarion of coal supphye and coal
trarrspraort sysfems. Strengthening of the coal
supply and transport systems must go hand-
in-hand with boiler rehabilitation if the
amount of useful energy available in the
DPRK is w increase.

5. Development of alternative sonrces of
simrall-scale enerey and implementation of
energy-efficiency measures. The North Kor-
eans we have worked with have expressed a
keen mterest in renewable enerey and enerey-
ethiciency technologies. Such projeets should
be Fast, small, and cheap and should {espe-
cially nitially) emphasize agriculiural and
humanitarian applications.

. Refabilitation
af riral infrasiric-
fre. Rural energy
rehabilitation goals
are likely o provide
the modern energy

I =entiol inputs necessary for
Agriculiural ] Rl
i Morth Rorean agri-

 Wilitary culture 1o recover a
Public/Comaml sustainable produc-
MNonspecified tion level and to

W Monenergy meet basic needs of

I Industrial the rural population.
Tramspart

T, Begin transi-
tion fo gax wse of
Hepeied petrodeum gas
{LPC) networks. LPG
15 more expensive than
natural gas. but the
infrastruciure o import LPG, relative to ligue-
Fred natural gas (LNCGH 15 much easier and fess
expensive o develop, and it allows impons in
smaller quantities. LPG is also clean burning,
has hmuted mulitary diversion potential, and
setting up LPG networks can be a First step
toward the use of natural gas in the DPREK.
Ultimately, natural gas pipelines and LNG
terminals, shared with neighboring countries,
can serve as a step toward economie develop-
ment coupled with regional integration,

Activities m each of these seven cate-
gories can be implemented overa 3- 1o S-vear
period at a total cost of about $100 to $150
million per vear. We doubt that the DPRK can
absorb more than this level of external assis-
tance. until the mstitutional and physical
obstacles 1o energy development are sur-
mounted. We suggeest a suite of options that
lend fexibility and offer many ways to suc-
ceed rather than one or two single, brittle, and

VOL 31é
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large-scale options that are almost certain
i from past experience) o fil,

Which of these negotiation strategies
Norih Korea would aceept is unpredictable.
We believe that other factors will drive
DPRK negotiating strategy. including the
need w strengthen domestic leadership posi-
tions and to improve therr mternational posi-
tion from being o weak state surrounded by
strong neighbors, especially because diplo-
mats leading the DPRK delegation wall be
Mving Blind with respect o technical and
ecconomic realities (with cconomic and
energy planners., as well as agency officials,
plaving only minor roles) ( /4). However, it is
essential to bring energy and economic agen-
cies from the six parties into the ongoing
negotiations from the outset if the coupled
goals of DPREK nuelear disarmament and
DPRE energy security are o be achieved.
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Watching Electrons Break Up

Piers Coleman

lectroms are surprisingly rugeed parti-

cles tha fiercely maintin their identity

in metals, As they move, they conduct
heat and electric charge i all directions in a
precisely Tixed ratio, a universal property of
clectneity called the Wiedemann-Franz law,
Omn page 1320 of this issue, Tanatar of af, (/)
show that under the right conditions, metals
can exhibit a new type of electrical conductiv-
ity For which the Wiedemann-Franz law no
longer holds. Under these conditions. conven-
tional electrons appear o live alongside a
fundamentally different kind of electricity
in which electrons have broken apart and
reformed mto a new class of charge- and heat-
carrving excitation. Such failures of accepted
laws i science often signal new and interest-
ing underlying causes, and these resulis may
help us understand the mechanisms behind
high-temperature superconductors and other
unusual materials.,

In the | 9th century, physicists empineally
discovered two important laws governing
the thermal and electrical properties of
dense matter: the Dulong-Pett law and the
Wiedemann-Franz law. At that time, most sci-
entists believed that Dulong and Petit’s Jaw,
stating that the specific heat of all materials is
a constant, was a fundamental law of natre.
et it was the failure of the Dulong-Petit law
at low temperatures in the 20th century that
helped to usher in the era of gquantum
mechanics (2), Early on. physicists did
not understand the mechanisms behind the
Wiedemann-Frane law, vet it went on to sur-
vive, and we know it now 1o be aconsequence
of the discrete. quantum nature of electrons in
electrical current.

[ a normal metal, the quantum motion
ofelectrons s very highly organieed (see the
lefi panel of the figure) and migh be likened
to the organization of aireraft traffic near a
major airport, Just as airplanes are stacked
by altitude, each in ns own slot, electrons are
tightly stacked in velocity up o a maxumum
value called the Fermi velocity. Electron
traffic is controlled by quantum physics and
the “Pauli exclusion principle.” which pre-
venls more than two electrons per velocny
slot and helps electrons protect their iden-

The author is at the Center for Materials Theory, Rulgers,
The State University of New Jersey, Piscataway, N] DBB54,
USA. E=mail: coleman@physics.rutgers.edu

A basic relation between heat and charge
transpart in metals is violated in some
materials, which may offer insights into the
high-temperature cuprate superconductors,

Electron flight patterns. {Left) Electrans in a conventional metal form a tightly organized swarm, inwhich
each electran moves in its own specific velocity slot, filling each available slot up o a maximum level called
the Fermi velocity. Excitations at the surface of this "Fermi sphere” carry heat and charge in a fixed universal
ratio, in all directions. (Right) In CeColn,, well-deflined electrons transport heat and charge in the =y velocily
plane, but transpart in the 2 direction is far more turbulent. In these directions, electrons break up into new
and as-yet-unidentified types of excitation that carry heat and charge in a different ratio from conventional

electricity.

tity. even a5 they jostle one another inside
the electron cloud. As long as this orgamiza-
tion holds, the Wiedemann-Franz law is
expected o remain inet.

Today, physicists are seeking new ways (o
reorganize and control the motions of elec-
trons inside dense matter and profoundiv
change their properties, One of the ideas being
explored is 1o ry reorganizing electrons by
inereasing the strength of quantum Huctoa-
tions, These fluctuations are rooted in Helsen-
berg’s uncenainty principle, which states that
certan vanables (such as energy and time, or
prosition and momentum) can vary statistically
as long as the product of the variations i1s con-
stant, Thus, tightening the range of Muctuation
in one variable will increase the fluctuations in
another. Such fluctuations can be enhanced by
tumng a metal w the brnk |.1|'i:|.-.l::|hi|ilj.' ivia
changes n lemperature, composition, or
applied fields), where it sits between one sta-
ble phase and another. Such a point of instabil-
ity 1s called a gquantum eritical point (3-5).
where the quantum Huctuations engulf the
entire material, When this happens in a metal,
the physics of the metal is found to change
profoundly (4, 7).

Tanatar e af. investigated whether elec-
trons survive as well-defined particles in a

metal that is tuned to such a quantum critical
point, and o do so, they turned w the
Wiedemann-Franz law. The matenal they
chose to study is the metal CeColn, (5), which
can be fine-tunad w a quantum |'|]-1:L-¢ transi-
tion by applying high magnetie fields (¥).
CeColn, isa layerad “heavy fermion™ metal in
which the electron fuid s delicate and highly
prone to instability. Al low temperatures,
CeColng 15 a superconductor { /1), When
a magnetic field is applied, this material
becomes a metal again, and just as it does so.
1t passes through a quantum cotical point (Y).

Tanatar e af. measured the heat and charge
conductivity in different directions as the metal
prasses through this critical point, At high fields
they found that the material becomes a conven-
tional metal, and the Wiedemann-Franz law is
obeved inall directions. But as the feld is low-
ered, the temperature dependence of the resist-
ance in this material changes profoundly, mdi-
cating that something has profoundly changed
in the material. When they tuned the material to
the guantum critical pmnt, they found no
change to the Wiedemann-Franz law when cur-
rent Nows parallel o the kayers, but in directons
perpendicular to the lavers, the Wiedemann-
Franz law was consistently found to be vio-
laved. By ammanging conditions so the material
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approaches the quantum critical point, Tanatar
et ad. could Inerally “nam off™ the Wiedemann-
Frane law,

This failure of the Wiedemann-Franz law
indicates a severe departure from our standard
mode] of electncity ata quantum critical point.
What is going on” Tanatar ¢f af, propose an
explanation mspired by high-temperature
superconductors, in which s-ray measure-
ments show that a continuous Fermi surface
breaks up contiguous regions, separated by
dead zones where well-delined electrons cease
tor exist (/7). Tanatar ¢ al. propose that at the
quantum critical point, the Fermi surface of
CeColn, breaks up into an annulus {see the
right panel of the figure). supporting conven-
tional charge and heat ransport parallel w the
planes of the erystal. But we still do not know
what replaces the electron in the directions
where the Wiedemann-Frane law fails,

It has taken more than TR vears to Gind a
chink in the armor of the Wiedemann-Franz
L, aned this new discovery may herald anew
understanding of how electricity can trans-
form itself under extreme conditions. Some
hawve sugeested that in the Mucating envi-
ronment of quanwim criticality, the electron
actually breaks up mto different compaonents
(3, 11): it may even break up into separate
spin and charge excitations { {2, f3). The idea
that the electrons may break up mto two dif-
ferent groups has also been advanced (14),
but it is fair to say that noone anticipated this
fascinating anisolropic separation inlo pwo
components. Tanatar ef al. can rule out some
of these scenarios, but certainly not all. What
is clear, however, is that at the guanium criti-
cal point, a new kind of electnieity takes over,
and we are only just beginning to understand
its properties.

PERSPECTIVES I
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The Cutting Edge of T Cell Selection

Michael J. Bevan

by should a single cell tvpe in a sin-

gle organ of the body express a

unigue enzymatie component of 2
protein structure that is ublguitously expressed?
This is the puzzde posed by the study of Murata
el af. on page 1349 of this issue () which
shows that specific cells in the mouse thymus
imeorperte a distinet eneyme into their 208 pro-
teasomes, the multicatalytic machine that
degrades intracellular protems to peptides. The
answer to the puzzle lies in the special role
played by these thymic cells in immune system
developmenm—that is, determining which
immature T cells are selected w survive and
populate peripheral lyvmphoid organs (spleen
and Iymph nodes), where they survey for
unwaned pathogens and wmor cells.

The 205 proteasome is a barrel-shaped
arganelle composed of 14 different pro-
teins in four stacks in the arrangement
of 1= =TI =T 1-T) (see the figure),
Misfolded polypeptides in the cell imerior are
fed into the central bore of the proteasome.,
where three proteolvtic components (1, B2,
and (i3] cut them to pieces. The peptides pass
out of the proteasome and transit into the endo=
plasmic reticulum, where a subset binds 1o the

The author is at the Depastment of Immunalogy, Howard
Hughes Madical Institute, University ol Washington, Box
357370, Seattle, Wa 98195, USA. E-mail: mbevan@
uwashington.edu
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grocve of nascent molecules called major his-
tocompatibility (MHC) elass 1. The MHC-
peptide complex folds into & mature structune
that is transported o the cell surface, where the
MHC molecule “presents”™ the peptide extra-
cellularly. This process happens in all verte-
brate cells, and in humans it is
the means by which specilic
T cells (CDS8" subtype) detect
foreipgn antigens such as those

!q-“

The selection of T cells requires their exposure
to a repertoire of peptides generated by an
organelle whose structure is thymus-specific.

thyimus cortical epithelial cells select the CDE?
T cell repertoire, whereas MHC class 1 mole-
cules seleet the CD4' T eell repertoire (3,
Viriation in the makeup and proteclytic
specificity of thymus proteasomes has been
noted previously (4), Murata efaf, discoverad a

T

T cell selection T cell activation

encoded by a virus or by mu- Tcell receptar
tated sell proteins. o ETHENIAL CELL

MHC class 1 genes are s O -
enormously polymorphic, and ___/
each class | molecule has its MHC-peplide complex

ot preferred peptide-binding
motif w accommodate a dif-
ferent rmange of peptides S wo 10
amino acids long (the poly-
morphism guards against a
pathogen evolving away from
producing sequences that bind
MHCH2). To ensure a best fin
afthe T eell receptor repertoire
with foreign antigens outside
the thymus, T cells within the
thvmus that bear receptors
with low-binding affinity for
one’s own peptides (n the con-
text of an MHC complex) are
selected w survive. MHC class
I molecules on the surface of

/ Unlolded protein

A degradation machine of its own. Froteasomes in the thymus con-
tain a unique component that alters their proteolytic activity, This
allows a range of peptides (hound to MHC molecules) to be expressed
at the cell surface and function in T cell selection.
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new catalytic proteasome subumit, designated
351, expressed exclusively in mouse thymus
cortical epithelial cells. It replaces the usual
enzymatic component, with a resultant change
in proteolytic specificity. In the “thymoprotea-
some” the chvmotrypsin-like activity, which
leaves hydrophobic residues o the C lerminus
of peptides, 15 dramatically reduced.

The peptide-binding mouls of many MHC
class [ molecules prefer a hydrophobic residue
at the Ctermunus of bound peptides. rmising the
suspicion that the thymoprotessome may pro-
vide fewer peptides that fit snugly i elass 1
grooves, The authors deleted the BSt-encoding
zene i mice and found that although thymus
architecture was normal and the development
of CD4' T cells was not diminished, the numn-
ber of mature CDE' T cells selected in the thy-
mus decreased by 80%, Thus, the novel B3
component of the thymoproteasome enhances
the selection of class I-restricted CD8' T cells.
Cne abviows explanation tor this result 1 tha
by decreasing the number of peptides with a
hydrophobic C termimus, nascent MHC cliss |
molecules become starved of snug-Nining pep-
tides that stabilize the molecule for cell surface
expression. This does not appear to be the case,
however, because the expression level of class |
molecules on the surface of normal and [(5t-
deficient epithehal cells isthe same,

These new findings on proteasome speci-

ficity, MHC class 1 and CD8' T cells are rem-
iniscent of a previous analysis of lysosomal
proteases and their effieet on the selection of
MHC class H-restricted CD4” T cells in the
thymus ( §). Mast peripheral cells that express
class 1T molecules use the enzyme cathepsin 5,
present in lysosomes, o assist in peptide pres-
entation. In contrast, thyvmus cortical epithe-
linl cells use lysosomal cathepsin L in place of
cathepsin 5. Deleuon of the cathepsin L-
encoding gene in mice reduced the efficiency
of CD4' T cell selection without decreasing
the overall level of class 1T molecule expres-
sion, In both coses—proteasomes, MHAC class
Loand CDE* T cells and the cise of lvsosomal
proteases, MHC elass 1L and CD4° T cells—
different cargoes of sell peptides presented by
MHC molecules i the thymus have a substan-
tial impact on the selection of mature T cells,
The T cell receptor repertoire is not only
molded by positive selection on MHC mole-
cules presenting selt peptides in the thymus,
it is also subjected 1o negative selection to
delete T cells with an affinity for self
peptides that 15 high enough to potentially
cause harmful autoimmune reactivity. [t
15 assumed that low-affinity interaction
between thymic epithelial cells bearing
MHC—self peptide complexes and T cell
receplors is required to positively select T
cells for maturation, whereas an interaction

with a high affimty leads o T cell deletion. In
line with this, a number of MHC-pepride
complexes have been defined that, on the
basis of their affinity for the T cell receptor.
can positively select but not delete T cells
(6, 71 It has been assumed that a T cell recep-
tor repertoire with “not too high, not weo low™
affmity for self peptides can be selected
without special rules forthe peptides respon-
sible for positive selection. However, if
the thymus cortical epitheliom expresses a
uniguee range of sellpeptides as Murata er ol
suggest. this raises the possibility thar posi-
tive selection may be mediated by sell anti-
gens that are not seen outside the thymus (8),
Such sequestration of the positively selecting
peptide may provide a greater safety window
between high and low affinity to better guard
against activated T cells cross-reacting on
self antigens and causing autoimmunity.
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ANTHROPOLOGY

Walking on Trees

Paul 0'Higgins and Sarah Elton

or decades, researchers have viewed

standing upright and walking on the

around on two legs as defining fea-
tures of the hominins (humans and our clos-
estextinet relatives ). However, we are begin-
ming to learn that some apes in the Miocene
(5w 23 million vears ago) not only had
upright postures (/) but also incorporated
bipedalism into their motion (2, 3). Such
movement may well have occurred in the
trees, This raises the possibility that preadap-
tations for hommin bipedalism arose in arbo-
resil settings rather than in terrestrial environ-
ments. On page 1328 of this issue, Thorpe

P. O"Higgins is at the Functional Morphobogy and Evolution
Umit, Hull York Medical School, University of York,
Heslingtan, York YO0 500, UK, E-mail: paul chigginsi@®
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Evolution Unit, Hull Yark Medical School, University
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and colleagues present compelling new evi-
dence in support of this theory (4), Using
observational data from moedern orangutans,
they argue that hominin bipedal walking is
not novel but mther a development of loco-
motor behaviors already established in the
ancestor of great apes,

In modern orangutans, hand-assisted bi-
pedalism with extended lower limbs in the
small branches of the forest canopy allows
movement on slender, springy supporis, This
enables the orangutans to aceess resources in
the Forest canopy that would stherwise be dil-
ficult to procure, or to cross between trees
with minimum energy expenditure. These
advantages might well have provided suffi-
cient selective pressure for bipedal adapta-
tions in arboreal habitats,

The orangutan model provides three sce-
narios for the emergence of modem great ape
and human locomotor stratezies from hand-

Observations of modern orangutans suggest
that human bipedalism may have evalved in
the trees rather than on the ground,

assisted,  straight-lower-limbed, arboreal
bipedalism (see the figure). In the first,
forest canopy (ragmentation during the
Miocene of Africa led w increased vertical
climbing, rather than always crossing from
tree to tree ol canopy level. Thorpe ef al. sug-
eest that this climbing behavior, which 1s
similar w0 knuckle walking, predisposed
gorilla and chimpanzee ancestors to the inde-
pendent acquisinon of forms of knuckle
walking. In the second scenario, orangutan
ancestors in Southeast Asia became even
maore specialized in traversing, at canopy
level, the shrinking closed-canopy forest.
Finally, hominins retained and  further
adapred preesisting arboreal hipedalism w
exploit emerging, more open termain between
Forested areas. This third scenario is consis-
tent with the long forelimbs that are found in
association with obviously bipedally adapted
hindlimbs in varous early hominins,
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It is necessary in a model such as this to
simplify the nature and empo of environ-
mental change. although Thorpe and col-
leagues do point out the probable Mueuations
in forest coverage that oceurred during the
Miocene. Tnevitably, past environments were
complex. and there was no siraightforward
transition from forested to more open habi-
tats, Primate adaptations and radiations were
equally complex, and it has been argued ()
that apes diversified into a vanety of enviren-
ments well belore any substantial Miocene
forest shrinkage, Nonetheless, locomotion 15
strong |y tied o habita and therefore evolves
in response to external pressures, whether
they are caused by environmental change or
by miche differentiation,

The work of Thorpe ¢f al. reopens the
debate aboul the origins of our own peculiar
commitment to bipadal locomotion. To date,
there is no consensus about the adaptive sce-
narto that could hiave led to the adoption ol ter-
restrial bipedalism. Many theories have been

propased. including the postural feeding
hypothesis (6): a model (7} anributing bi-
pedality w the social, sexval, and reproductive
behavior of early hominins, in which bipedal-
ism allowed better provisioning of offspring
and enhanced reproductive fimess. the ther-
moregulatory hypothesis (4), where standing
upright on two legs is argued o reduce the
amaount of the body directly exposed 1w sun-
light. therefore allowing foraging during the
haottest part of the day: and the appeasement
model (9, which focuses on bipedal displays
that allow for the relatively peaceful resolu-
tion of conflicts,

A similar lack of agreement is also evident
in discussions about the locomotor behavior
of the homimin ancestor, One possibility is that
the common ancestor of humans and moedern
Adrican apes knuckle walked on the ground
£, although it has been argued that the exact
nature of knuckle walking differs among
Adncan great apes (4. Other proposed loco-
motor modes that could lead to adaptations for

Ancestors

Learning the two-step. The locomation of living great apes and humans derved from a large ancestral ape
capable of hand-assisted, arboreal bipedalism with extended lower limbs. Orangutan ancestors became arbo-
real specialists, moving mostly aboveground in tropical forests, whereas the ancestors of gorillas and chim-
panzees, in response lo changing and variable habitats, moved vertically in and oul of trees, and thus inde-
pendently acquired knuckle walking, Note the bent-hip, bent-knee bipedal posture of the chimpanzee, a nec-
essary compromise that arase out of the biomechanical demands of vertical climbing. Hominins retained exdst-
ing adaptations for extended-limb bipedalism and eventually became committed terrestrial bipeds,
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bipedalism melude arboreal quadrupedalism
{12y, terrestrinl quadrupedalism (73, 14),
climbing (13), and a hylobatian (zibbon-like)
madel (/6] that suggests a small-bodied, arbo-
really bipedal ancestor of terrestrial bipeds.
Central w these debates is whether
hipedalism arose in the wees and was taken 1o
the ground, or whether it arose from an ances-
tor that was already terrestrial, The orangutan
data presented by Thorpe and colleagues
strongly suggest the former. and could also
explamn how hominin bipedality arose without
needing to po through the stage of ineflicient

“bent-hip, bent-knee™ bipedalism typical of

madern chimpanzees. Crucially, the orang-
utan model also illustrates the way in which
large-bodied primates could evolve straight-
limbed bipedalism in arboreal contexts,

A number of Tossils contemporary with the
likely split of the chimpanzee-bonono and
human clades, between 4 million and 8 million
years ago, have been chumed 1 show anatomi-
cal evidence of upright posture and bipedal
walking, These  nelude  Sofrefanthops
teliedensiv, Ovrorin megenensis, and two spee-
ies of Avdipithecns. Although there is no gen-
cral agrecment on the locomotor and taxo-
nomic affinities of these tossils (7)), one possi=
bility may well be that they are evidence of dif-
ferent ways of shifting from the ancestral type
of hand-assisted arboreal bipedality proposed
by Thorpe and colleagues. [n later hominins,
there is also evidence for locomotor diversity,
within and between lineages. Limb propor-
tions, lor example, differ in Anstrafopithecns
afcrrensis and Aw. africanus (18), and there isa
range of fool momphologies in hominins (rom
around the same time period (f¥). Thus,
bipedal walking might have evolved independ-
ently in various early hominins, This could have
oceurred it multiple lineages originated from
an earlier arboreal ancestor that used hand-
assisted bipedalism. [ thar was the ease, can
anatomical evidence for bipedalism really be
used as a crucial defining feature of hominins?

With the orangutan model, Thorpe and
colleagues present a plausible and elegant

argument in favor of the emergence of

bipedalism in an arboreal rather than terres-
trial context. In doing so, they have reinvigo-
rated the debate over the emenzence of behav-
iors preadaptive to bipedalism. and have
shifted the focus back imo the Miocene, A

prediction of their model is that diversity of

locomotor behaviors, including bipedalism
and knuckle walking, could have arisen
among descendants of an arboreally bipedal
large ape, We must now gquestion whether
morphologies that indicate hipedalism can be
used to identify hominins at the base of their
radiation, This then raises the issue of whether
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wi can unequivocally identify amy traits that
are truly diagnostic of early hominins ( 2¢0),
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OCEAN SCIENCE

Burial at Sea

Jack J. Middelburg and Filip J. R, Meysman

nly about (0.4% of the carbon fixed by

phyvtoplankion at the ocean surlace 1=

buried in oceanic sedimems (see the
figure). Yet, this bural has major conse-
quences, because it links carbon pools that
eyele fast (oceanic, atmospheric. and terres-
trialh with sediment carbon pools that cyele on
geological time scales. Burial of organic car-
bon m sediments represents a net carbon diox-
tcde removal from, and oxyveen (0,) input into,
the atmosphere: Without carbon burial, 0,
would not have accumulated in the atmo-
sphere. Moreover, the small quantity of car-
bon transferred from surface w subsurface
sediments supports prokaryotes that live deep
in Earth’s crust and that make up about 30% of
the total living biomass on Earth (),

It has bezen shown that the burial of
organie matter in marine sediments is con-
trolled by biological, chemical, and physical
processesd 21 However, explaining why some
organie mater escapes mineralization, and
what controls the mineralization rate, has
proven to be a challenge. On page 1325 of
this issue, Rothman and Forney (3] demon-
strate that encapsulation of organic matter by
clay materials—a process termed “physical
exclusion™—plays a key role in determining
the degradation rate of organic matter in
marine sediments,

Thee degradabiality of organic matter is usu-
ally expressed i terms of a hist-order rate
comstant £, Two decades ago, a synthesis of the
available data revealed a clear trend: The reac-
tivity decreases with increasing time scale,
follewing a power kaw (see the figure ) i4), The

The authess are at the Centre for Estuarine and Marine
Ecology, Metherlands Institute of Ecology, 4401 NT
Yerseke, Netherlands, E-mail: j.middelburg@nioo, knaw,nl,
L meysmang@niooknaw.nl
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Ocaan surface

Organic. matier

Phatic
fung

Insights into the mechanism that protects organic
matter from degradation in the ocean will help
scientists evaluate the Earth's carbon cycle,

10f 1
Time (years)

Carbon burial and degradation. Organic matter is transferred from the photic zone of the upper ocean to
the sediments of the deep binsphere (left). During this transfer, organic matter is continuously degraded, yet
the rate of degradation slows with time, Data from sediment cores, laboratory degradation experiments, and
sediment traps show that the decay constant follows a power Law with time (that &, with increasing depth in
sediment) (4) (right). Rothman and Formey now propose a mechanistic model that explains this power-law

degradation behavior,

challenge was 1o find a mechanism that could
explain this pattern. The decrease in reactivity
had 1o be o property of the onzanie matter and
its relation with the environment. Boudreau
and Ruddick (.5) proposed a theory in which
organic matier consists of a spectrum of reac-
tive compounds, each with its own first-order
rate constant & However. this theory requires
that one know the specific form ol the reactiv-
ity distribution. a property that cannot be
measured. Rothman and Forney now show
that aninverse reactivity distribution is consis-
tent with the power-law data. As a result, the
new target is o find a proper explanation for
the inverse reactivity distribution that under-
hess the power law,

Three main Betors govern organic matter
degradation in sediments: the chemistry of the
organic matier nself, the physical dewils of the

sediment environment, and the biological
agents that cause the breakdown of organic
matter, Past explinations heavily favored
either a chemical or a physical view, even
though that the three Gactors often interact and
their relative importance depends on the time
scale (2, 6).

In the strictly chemical view, organic mat-
ter consists of a range of molecules that difTer
in their chemical structure. These differences
determing the kinetic rate by which they suc-
cumb to the attack of microbial enzyvmes: asa
result, the more recaleitrant compounds are
selectively preserved (2, 3). In contrast, in the
physical view, it is the environment that
controls the mie o which organie matter
degrades, One possible control mechanism is
the availability of electron aceceptors: When
0, s present in the sediment, organic matter
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tends o degrade more rapidly, and the expo-
sure time 1o O, thus seems 1o be crucial. In
a second mechanism, the microbes or their
digestive enzymes may be physically ex-
cluded from the organie material because the
latter is enclosed ina mineral clay matnx.

[n their model. Rothman and Forney
focus on this phvsical-exclusion mechamsm.
They assume that organic matter consists of
one chemical pool and propose a simple
model for the behavior of digestive eneymes
around a simgle microbe, When the enzymes
diffuse away from the microbes, they are hin-
dered by the physical sediment matrix. Fewer
enzymes are found further away from the
microbe, where organic matter thus decays
less rmpidly. Limitation of enzyme supply to

reactive organic matter eventually leads w
the inverse reactivity distribution that ex-
plains the power law,

The model by Rothman and Forney pro-
vides a mechanistic underpinning of the
empincal power law, adding conlidence to
predictions of organic matter degradation
over time perods that are beyvond expenmen-
tal investigation (see the figure). Organic
geochemists and microbial ecologists may
find the underyving assumphions of the model
ton simplistic. However, the physical-exclu-
sion hypothesis is supported by the compaosi-
tional similarity of organic matter in sedi-
ments (2. ) and is a valuable first approach
for linking microbes, enzymes. mineral par-
ticles, orgamc matter, and diffusion in sedi-

FERSPECTIVES

ments oo quantitative prediction of organic
maner degradation over onders of magnitude.
Such models are crucial for understanding
and quantifving the wrnover of prokarvotes
that live deep in Earth’s crust ( 7).
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The Monsoon's Past

Philip A. Barker

onseons arise from the differential

heating of land and oceans; their

strength and direction are poverned
by tempernre and pressure differences
between the land and ocean surfaces. Elu-
cidating how the mensoon ny have varied in
the past therefore requires a suite of sea sur-
face temperature and precipitation records
from diverse oceanic and contimental loca-
tions, On page 1303 of this issue, Weldeab o
al, (1) report a new paleoclimate record from
the Gulf of Guinea that contains evidence of
oeeanic conditions and continental monsoon
precipitation over the past 135,000 viears, The
site is set w become important for understand-
e mansoon varnaten across West Afnca,
and the role of the ropical Atamic in conti-
nemal elimate foreing more generally,

The record, called core MDO0O3-2707, 15
located in a region with limited upwelling
from the deep ocean and with weak local cur-
rents, The site preserves a geographically ine-
grated record that is largely unperturbed by
local mfluences, This offshore location 1s thus
of particular importance, because few long
contmental sedimentary records from West
Adrica are available,

Weldeab et af. have retrieved a high-reso-
lution. well-dated geochemical record tha
spans the past 135,000 vears and that they
interpret as a proxy of monsoon changes at the

The authar is in the Department of Geography, Lancaster
Emvironment Centre, Lancaster University, Lancaster LA
A0, UK. E=mail: p.barker@lancaster.acuk
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millenmial time scale (). They use Ba'Ca
ratios from planktonic foraminifera as evi-
dence of freshwater discharge trom the Congo
River svstem; Ba concentrations are rul;lli1'¢|}'
high in the river as compared to the ocean.
This and other cores from the region (2, 3)
show substantial changes in the rate of Congo
discharge at millenmal time scales. At present,
the Congo discharges 1270 km? of fresh water
per year (see the figure) (4) and also delivers
kev nutrients into the oceans—mcluding sihi-
con. whose biogeochemical eyele is emerging
as an important climate feedback process (5),

A sediment core from the Gulf of Guinea provides
insights into changes in the African monsoon
over the past 155,000 years.

With greater discharges reconstructed for the
past, the Congo’s discharge would have vari-
ably seeded oceanic productivity,

While Ba/Ca ratios reveal rverine dis-
charge. Mg/Ca ratios of foraminifera offer a
proxy for sea surface to temperatures in
that vary independently of Ba/Ca. thereby
enabling the role of sea surface temperatures
on monsoon-driven runoll 1w be evaluated.
Surprisingly, in the Gulf of Guinea, monsoon
intensity and sea surface wmperatures were
decoupled for parts of the record. Enhanced
freshwater inputs from the Congo were near-

Monsoon clues. This aerial view shows the Congo River winding through mangrove swamps near the mouth
of the river, Today, the Congo River discharges 1270 km? of fresh water per year into the ocean, Weldeab et
al. provide evidence that discharges have episodically been higher in the past, providing insights inte
changes in the African monsoon over the past 155,000 years.
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synchronous with mterstacials {multimillennial
warm periods within a broadly glcial period jin
the Northern Hemisphere, but lagged seq sur-
face temperatures by several thousand vears
during glacial-interglacial transitions. In eon-
trast. se surface temperatures changed at times
when solar insolation received in tropical lati-
ides changed drastically as a result of changes
in Earth’s orbit,

These findings demonstrate the impor-
tmee of considering both atmespherie and
oceanic circulation systems that can lorce
changes at different time scales in disparate
locations. Consider, for example, the Younger
Dryas (12,700 to 11,500 years ago), when
Earth’s climate system reverted back to near-
glacial conditions during the period of post-
glacil warming. During this time, Weldeab of
af, observe a substantial steplike reduction n
Congo discharge, but the record does not show
a simuilar reduction in sea surface temperature.
This s mmarked contrast o the Canaco Basin
record from the western equatorial Atlantic,
where sea surface wemperatures were low

throughout the Younger Dievas (4, 7). Instead of

adirect control from sea surface temperatures,
Weldeab er ol. suggest that an ammospheric
reorganization in the North Atlantic may have
been propagated by mendional cireulaton
systems o reduce monseon intensity.

At the multimillennial time scale, dis-
charge rates from the Congo Basin are found

to be positively related to warmer episodes of

the past 155,000 years. This result concurs
well with lindings rom continental Alnican
sites—including Lake Bosumiwi, Ghana, a
meteorite impact erater with sediments aceu-
mulated over the course of | million years that
1% the current focus of an International Con-
tinental Drlling Programme project.

The past 30,000 yvears from Lake Bosumiwi
(4} hawe become a comerstone of Alrican pale-
oclimate research and offer a useful terresirial
comparator to the Congo discharge record.
Reduced freshwater discharnee occurted dunng

the Last Glacial maximum, when krge parts of

Advica were relatively dry. Dey conditions per-
sisted in most regions until about | 5,000 years

ago, when Congo discharge and the levels of

many African lakes, including Bosumtwi,
began to inerease dramatically, DeMenocal o
al. havve hypothesized that the disproportionate
imensification ol monsoeon precipitation after
15,000 vears was triggered by a threshold
response to fsing insolation (9). Discharge
from the Congo peaked around 10,500 vears
age. at a time when Lake Bosumiwi was at its
raimum and was overflowang,

More puzzling is the gradual and continu-
ous decling in Congo dischanze from the early
Holocene maxima shown by the new data, This
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eradual transition differs from the much more
abrupt shilt from wet w dry conditions about
SO00 years ago shown m many lake-level curves
and offshore dust records (V). Vegetatiion die-
back s the climate dried could increase erosion
potential and therefore dust supply ina steplike
fashion. The more abrupt response shown by
lake data might enther be due w the sensitivities
of the climate proxies used in the reconstrue-
tons or could indicate differences in the rate of
precipitation decline between central equatorial
Affrien and neighboring regions,

Hydrological changes in the tropics ampli-
v global climate changes through regulation
of water vapor, change in heat transport,
methane release from wetlands, and shifts in
sirface albedo, Spatial differences m hydro-
legical vartability will be unveiled as more
sites like the Gulf ol Guinea and high-resolu-
tion continental sites are investigated. There is
abundant evidence of the tropics responding
to changes driven from higher latitudes, but
there are also suggestions from some sites that
change in tropical regions may take the lead.
For example, a shift toward greater aridity
oecurs in several African lakes 200 w 400
years betore the well-known cold interval
at 8200 years before present (&) found in
Greenland (10} and many northem temperate

records, Similarly, well-dated continental
records extending o before the Eemian inter-
glacial (more than 135,000 vears ago) are
beginning to suggest a tropical lead out of
glaciation through either generation of green-
house pases from wetland expansion or
strengthened meridional circulation (/).

Data of high temporal resolution from
prized localities challenge the modeling
community to resolve the climate dynamics
behind ocean-continent interactions.
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Infectious Heresy

J. Allan Dowmnie

Mot all symbiotic bacteria that fix nitrogen for legumes do so by secreting a specific nodule-
initiating factor. Two strains use an alternative strategy.

ceumimous plants, such as peas and

sovbeans, enter into a symbiotic rela-

tionship with soil bactena called rhizo-
bia. For years it has been the accepted wisdom
that Madulation { Nody factors secreted by rhi-
sobia enable them toinfect a legume and miti-
ate formation of nodules on the host plamt’s
roots. Within these nodules. the bactena con-
vert free nitrogen to ammenia, which the plam
wses for its growth, On page 1307 in this issue,
Garaud ef al. (F) provide evidence that over-
turns this orthodoxy. They determined that the
genomes of two strains of legume-nodulating
rhizobia do not contain genes that are neces-
sary for the synthesis of Nod factors, This
means that these bactenia must have an alter-

Thit auithed 15 in the Department of Malecular Micrg-
biology, John Innes Centre, Norwich NR4 TUH, UK.
E=mail: allan.downie@bbar.ac. uk

mative way of imtating the dialogue that
results in legume nodulation,

The symbiesis between legumes and rhizo-
bia 15 an agnewlturally important relationshap
because such legumes grow well withoun
adkded mitrogen fertilizer, Nod factors activatea
plant signaling pathway that induces oscilla-
tions im the concentration of intracellular cal-
cium {ealled caleium spiking). Calcium spik-
ing triggers the expression of genes that are
required for nodule morphogenesis in roots
{21, Nodulation is intimately linked with the
establishment of threadlike structures that con-
vey rthizobia into nodule cells (see the figure).

The two rhizobia (ORS278 and BTAI)
sequenced by Giraud er al. are unusual be-
cause they mduee nodule formation on both
stems and roots of some legumes. Stem
nodulation can oeeur on some legumes that
underzo perods of fooding, which enables
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tor—induced nodulation path-
way be so predominant”? For-
matien of nitrogen-ixing
nodules requires rhizobial

colonization of stems by rhi-
2obia. Another oddity is that
these strams engage in pho-
tosynthesis and contain a

Nodulation
signaling cascade

Nod factor=induced

Nod factor-independent

nodulation

nodulation

:
%
:
&
;
g
E
8

! : . [ Mod factar R e : :
cluster of photosynthesis- forthairell 5% infection, and this requires
related genes that are similar ' ¢ fhizobia entrapment of the bacteria,
to those found in closely gp et e Beceplan i During “conventioml” infec-
related photosynthetic bac- Mad-Sagier B aw / tion, Mo Factors induce root-
teriis, However, the real sur- Caleiumn spiking “*}!""ii- i hair deformation, leading 1o
prise is that neither strain oo (i bacterial entrapment. Sub-
contains nedd or modC ge- = Cytokinin histiding | Infection | * sequent growth of infection
nes, which are essential for = z =— Kinase threads requires modifica-
the synthesis of Nod factors, i ) tion of Nod factors (as speci-

y Ent thizabia | Module 6
NodC |‘-lt'ud|.ll.;l.‘.‘i. L‘!Iiliﬂ “HE- Hodule E rhizodi Gene eapression [ii:l‘l;":i.:‘l"g tmn:er]l farmation fied h\. s SEMES), and ]‘il‘uh—
omers from uridine 3 -di- it ":;“n’:m ” mﬂ;"' ' ably increased concentra-
phosphate—N-acetylglu- ; l = tioms of Nod factors. In some

a \ " a
cosamine, and ModA rans- v It Cell divisian |* legumes, however, bacteria
fers a long-chain acyl group A gain entry to roots through
ante the chitin molecules LN Nodubt Fermation i cracks inthe epidermis, olien

to form a core Nod-factor
structure, which can then be
moditied by other mod gpene
products (3),

How do ORS2T8 and
BTAl infect and induce
development of nitrogen-
fixing nodules on  ther
hosts, the aquatic legumes
Aesclvnamene sensitiva and
,-h-'.'h:'IF_I.'F?H."H,-’H!,' indica? Not nnl}' are these
bacteria unusual, but so are these legumes.
To demonstrate this, Giraud ef af. vsed a
mod-gene containing Bradvrhizebium strain
{ORS285), which nodulates other legumes in
addinon w A, sensitiva, Mutation of the nad
genes in ORS283 does not affect nodulation
of A, sensithva but does block nodulation of
the other legumes. This shows that unlike the
other legumes. 4. sensitiva can respond to a
rhizobinl signal other than Nod factor

Howy does A, sensitiva induce nodule devel -
opment without Nod-factor signaling? An
important clue comes from recent work on
legume mutants that spontaneously form nod-
ules in the absence of any bactena or Mod fac-
tors, Constitetive activation of lotus histidine
kimase [ iLHE ). a2 evtokimm hormone recep-
tor (4) that is required for nodulation (5) in the
legume Letus faponicns, results in sponta-
neous formation of nodules in the absence
of rhizobia or Nod Factors, This activated
eyvtekinin receptor appears to bypass several of
the early steps in the Nod factor-activited sig-
naling cascade. including the gene products
required for caleium spiking (). Other evi-
dence supporting a nodulation mle for eyvto-
Kinins is that a strain of Snorfhizobinm melilon
that lacks Nad Factor but is genetically engi-
neered o secrete a cytokinin, can initiate nod-
ule morphogenesis (6). Also. treatment of cer-
tain legumes with cytokiming induces the

www.sciencemag.ong SCIENCE VOL 316

Getting, or not getting, the Nod. Nod lactors prodeced by symbiotic bacieria infect the
legume host and initiate the formation of nitrogen-fixing nodules (left). Nod facor-inde-
pendent nodulation may result from rhizabial colenization through cracks in the root epidermis
{right). Increased sensitivity 1o a cytokinin-like signal may allow part of the normal Mod-factor
signaling cascade (middled to be bypassed, leading to nodulation and infection in the
absence of Mod factors.

expression of severl genes that are expressed
during normal nodule development { 7).

To identify the signal that ORS2T8 and
BTAil use to initiate nodulation, Giraud ef af.
screened for mutants of ORS27E that could
ner induce nodule formation in A, sensitiva,
Although no mutants completely defective
for nodulation were found, some were greatly
impaired for nedulation. Several of these
mutants had defective purine biosynthesis.
Because plant cvtokinins are derived from the
purine adenine, this suggested that the bacte-
rial mutants maght produce smaller amaounts
of a evtokinin (or eytokinin precursor) that
initiates nedulation. Supporting a possible role
for such a signal during conventional nodula-
tion is the observation that other rhizobia car-
rving mutations in puringe biosvathesis are
defective for infection of nodules in common
legumes (&) Furthermore, proteins similar to
a previously unrecognized plant eytokinin-
activating enzyme, encoded by the rice
LONELY GUY gene. may be present in
agrobacteria (¥), However, inthe absence ol a
mutant that is completely nodulation defec-
tive, Girawed ef af. cannot formally distinguish
between a signal that activates the entire
nedulation signaling pathway or a signal that
bypasses the signaling pathway by stimulai-
ing production of a cytokinin,

I Mo factors are not required for nodula-
o in somee legumes, why should the Nod fac-

at the sites where lateral roots
emerge. [In another well-stud-
ted stem-nodulating legume
(Seshania mosirara), this type
of infection shows much less
specificity for MNod-factor
structure, although it does
regquire some type of Nod
factor (/). The mode of
mfection of A, sensiiiva and
A, fnlica Ty ORS278 and BTALL shows simi-
larities to that seen in 5. rosfrara. Such entry
through eracks may allow bactenia to aceumu-
late and form a “signaling center”™ (/1) that can
induce nodulation and infection (see the fig-
ureh. Nodule development could occur il a
cytokinin-type signal accumulates in such a
signaling center and byvpasses the early Nod-
factor signaling pathway. However. induction
of infection-thread growth without Nod fac-
tors 15 highly unusual, Therefore, for both
nodule and infection-thread development 1o
aceur in this system implies that A, sersitiva
and A, fndica may enhance intercellular
colonization by bacteria and'or be unusually
sensitive W some bacterially made signal.
Whether this signal is a eviokinin or not
remains o be established.
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Large-Scale Spatial-Transmission
Models of Infectious Disease

Steven Riley

During transmission of seasonal endemic diseases such as measles and influenza, spatial waves of
infection have been observed between large distant populations. Also, during the initial stages of
an outhreak of a new or reemerging pathogen, disease incidence tends to occur in spatial clusters,
which makes containment possible if you can predict the subsequent spread of disease. Spatial
models are being vsed with increasing frequency to help characterize these large-scale patterns
and to evaluate the impact of interventions. Here, | review several recent studies on four diseases
that show the benefits of different methodologies: measles (patch models), foot-and-mouth disease
[distance-transmission models), pandemic influenza (multigroup models), and smallpox (network
models). This review highlights the importance of the household in spatial studies of human
diseases, such as smallpox and influenza. It also demonstrates the need to develop a simple model
of househeld demographics, so that these large-scale models can be extended to the investigation
of long—time scale human pathogens, such as tuberculosis and HIV.

utheaks of directly transmitted inlee-

tious discases of bumans have the po-

ential o become pandenics, causmng
extensive muorbidity and mortality (/. 2} Even
when widespread  tmnsmission is avened, a
multicountry outhreak can have a disproportion-
ately large negative coonomic impact at a negion-
al level (3. Similarly, in domestic animals, the
nead o mauintain disease-lree geogmphical arcas
requires exIreme measures o control coonomi-
cally importamt pathogens (43 11 would be un-
usual for natrally occurring discase emergonce
or nondeliberate discase importation W occur
simultaneously ot many bocations. Therefore, in-
fectous individuals ane necessan by clusterad in
space dunng the imtial phise of sustained tmns-
mission. [ containment s possible, this mmtial
clustering provides an opportunity 0 make of-
fective use of limited resources for intervention.
Many tvpes of host hoterogeneity influmee
hostpathosen ineractions al the scale ol the
individual, such as penctics. age, sexual activity,
locaton, and tvpical movement patierns. Some-
times, these hewors are imponant at larger scales
and sometimes ey ane not (3). Consider hete-

rogencitics in the location and movenwnt of

hosts during outbreaks of directly  transmitied
infections discases of humans, The vast majority
of hosts spend a substaniial proportion of their
time at a single location; that is, &1 home or in
the herd. When cases arise. their location is
olien reporied mpidly. Futhenmone, for many
populations, accurmte census data with which 10
estimate spatial population distributions are

available. For humans, an accurate estimate of

population density i available for the entire
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Earth, up 1o a resolution of 1 arc sec (6). Typical
movement patlerns of hosis ane alse important.
For directly tromsmitted pathogens, an infectious
incividual st be close o a susceptible mdi-
vidhal for infection o occur. Therefone, the prob-
ability that an infections individual from one
home location infects a specilic susceptible
individual from another is influcnced greatly by
the journevs made away from home by hoth
infectious and susceptible individuals dunng the
perind of nfectiousness. For many populations,
data sets from which tvpical movement patterns
can be accurately inferred are now available
(78,

Spatinl models of mfectiouns discase tuns-
mission provide the only plasible experimental
system in which knowledge of the location of
hosts and their typical movement pattems can
be combined with a quantitative description of
the infection process and discase naweal history
o iivestigite observed patterns and 1o evaluate
altemative imervention options, As such. the wse
of these models will increase as spatially hetero-
geneous interventions are considered more (re-
quently and as spatally resolved madence data
are made available for mone pathogens (the best
currently available dat sets cover notifiable chikd-
hood diseases i developed countries), However,
one problem s that these models can be seduc-
tive 10 policy-makers. Realistic population den-
sities permit fesults 1o be presented as maps and
mowvies, and although these fommats are wseful ©
describe spativtemporal incidence patierns, their
visial impact conveys credibilite that may not be

justified. Rather, the underlving stracture of each

transmission model should be appropnate tor the
infection process, the potental inerventions, and
maost important, the specilic hvpotheses that ane
under considerntion.

In this review, | highlight results from dil=
feremt discases (Figo 1) that wse different

methodobogics (Fig. 2k [ did not include more
malytically sophisticated approaches (1), be-
cause they have only mrely been applicd o the
dymamics of infectious discase in realistically
structured populations of animals (< /2)

Measles and Patch Models

Measles 15 a discase that requires government
notification in England mmd Wales, for which
district-level data are avalable for cach bi-
weekly period from 19498 onward, Two intrigu-
ing epidemiological featunes of this rich data set
have been explaned. with the belp of patch
models for spatial nmlupnpulul:iull mundels)
(Fig. 2 (1) the bonger-than-expected penod of
fade-out afier the stan of mass vaconation n
1968 (43, f4) and () the apparent waves of
micction observed belore and alter vaccination
3 In these studies, larpe amounts of detabed
data andd sophisticated descriptive statistics (eg.,
wavelets) wene wsed in conjunction with very
simple illustrative patch models 10 demonsimte
the plausiality of dynamical explanations. For
example, the spatial hicrarchy of iransmission
observed o (£3) was illustrmed with the use of
16 patches of two tvpes (wban or seomurban)
amnged noa e A relined version ol this
methodolyey has been wsed 10 show tha stane-
scabe spatial patiems of excess human mortality
atributed to pneumonia and mifluenea in the
Linned States are consistent with human imvel
patterns (700, This Iotter study highlights the
computational efficiency of patch models over
individual-bascd approaches; that is, 1 was pos-
sible 1o include the trmnsmission model within
the inferential framework because solutions
could be obtaned so elficiemly.

Patch models have also been wsed o mnves-
tigate aspects of global discase spread (&, 9, [a),
fargely motivated by the 20022003 outbreak of
SCVETE cule respiritony syndrome (SARS)E The
availability of discase mcidence data o the
mational bevel and the accumey with whech
contemporry  2lobal travel s deseribed by
aifline-ticket data (/7)) make this wopic well
suited to the use of computationally efficiemt
patch models. For example, the observed stee of
country outhreaks of SARS dunng 2003 s
brgely consistent with model  outcomes (9,
although mamland Ching was not included, and
emporal varation in the underlving rate of
transmission was assumed 10 be the same in
cvery country as that observed in Hong Kong
and Singapore.

Similar studics have investigated the poten-
tial impact of reduced wmvel on the e of in-
termational discase spread during an influenza
pandemic (8, /8). A theoretical model of 100
wentical populations suggests that even the
miost stangent border contmols (=99% effective)
would delay global spread of a novel mluenen
strin by only o Ffew weeks (/6), This result is
supported by g study of 52 globally connected
citics (81, which was validated using travel and
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discase data from the 19681969 pandeomic
{18, [9)

Foot-and-Mouth Disease and
Distance Transmission
The 2000 foot-and-mouth discase (FMD)y out-
break in the United Kingdom resulied in the
slanghter of 4.2 million animals and produced a
SeVere negative eoonomic mpact in the affected
districts (24), During the oubreak and aficrward,
vanous stakeholder groups disagreed over the
refative merits of spatial culling and vaccination
strategics. Largely because updated casc data
were made available o rescarchers carly in the
course of the outbreak, statistical and mathemat-
eal models were developed mpadly enough o
be of wse i policy formulation while the out-
break wis underway (4, 12, 24, 200

The availabality of spatally resolved fam
census data, with umigue identiiers that wene
consistent with the case database, encouraged
one rescarch team o formulate a spatially ex-
plicit distance-trnsmission model (Fig. 2) of
FMD. with famms as the individual units of
infection (24). The infection keme for FMD in
the United Kingdom in 2000 was cstimated
directly from case daa (4, 24) and used noa
distnce-transmssion model (Figo 2) 1o assess
the marginal benefits of refinements to culling
strategics, such as reducing the average delay
o report o cullmg ol mdex premises (1Ps)
and addmional presumptive culling of contigu-
o premises (20, Initia] results using this spa-
tially explicit approach helped to validate those
from an earlier pair-correlation model (4, {20, in
which propertics of an implicit spatial network
wete approximated with ordinary  differential

cquations, This serics of studics (4, £2, 24, 22,
conducted while the outbreak was in progress,
demonstrates the potential benefits w policy-
makers of multiple research teams addressing
similar questions usimg altiemative methodologes.

The precise location of individual fanms in
distance-transmission models of FMD faciliaed
the investigation of lughly structured spatial in-
terventions that could not be considered in pair-
comelation maddels; for nstance, vaccimation of a
barmer region to protect large pools of susceptible
farmis (21, prophy lactic vaccination of high-rsk
farms (23), reactive Ang vaccination (23), pre-
dictive vaccination of nearby farms thought 1o
e most .\umq‘ﬂihlc to infiection (23), and vacei-
aation of an armiules aoond  infectious Brrms
{240 However, the logistical implications of con-
stuntly revising a large vaccination queue would
be substantal. Therefone, a mone straightforward
stmtegy was specilied: o prioritiee foms o
vaccination based only on ther proximity o IPs
reported m the previows 10 days or o dangens
contacts of those 1Ps, This later strdegy was
shown to be the most effective in terms of re-
ducing the expected number of animals that
woukd be culled (24,

Pandemic Containment and Groups

In the event of sustmned human-to-human trans-
mission of @ novel stroin of influcnezs, public
health mterventions should weally attempt 1o
contain the owhreak at the source. The tmns-
mission of influemezs betwemn individual huaman
hosts occurs over much smaller distances than
does the manamission of FMD between farms,
Therefore, spatial muhigroup models have an ad-
vantage over pure distance-ransmission-models

REVIEW

when used o investizate influcnz containmend
because they explicitly represent the actual
bocations {such as houscholds, schools, and work-
places) in which mventions will be wsed o reduce
transmission (Fig. 23 The household 15 particu-
fardy important because relatively static groups of
hosts ( families) spend prolonged periods wogether
in this seming.

The hasic reproductive number B 15 used w
quantify the ransmissibility of an mlectious dis-
case and 15 defined as the average number of
secondary eases penermted by one tvpically in-
fectious individual in an otherwise susceptible
population (25). Two studies of influcnza based
on models that include a muligroup componcnt
sugpest that the spatally trgeted vse of anti-
virals in rural Asi, o addinon o other control
mssures, has a greater than WG probability of
contmmng  pandemics with basic eproductive
fmbers My < 1.9 (vaccanation ool included)
(26) or Ry = 2.4 (partil voccination coverige
mcladed) (273 In addition 1o recent cstimates of
Fog for influenza that fall in this range (26, 280,
these findings led to the adopiion of contain-
ment as an objective of the World Health Orga-
rization [ 29).

The results from these imdependent studies
are difficult w compare, owing to the many
mterventions conskdered and 1o the primcipal objec-
tive of both, which wis o demonstrate feasibil-
ity, mther than optimahty, However, the two
models simulated quie different spatial nfection

processes, s rellected by their assumied force of

mfection (FOI) (the hazand of infection expe-
nenced by susceptible individwalsyk In (2ap, al-
thoweh most individuals belonged o a howschold
and 1o cther a school or a workplace, only two-

Fig. 1. Patterns of disease transmission in the United Kingdom. (A) Wavelet
analysis of prevaccnation measles epidemics im 954 [ocations in England
and Wales [reproduced with permission from (25)] shows how London (black
hox) drove the epidemics in most of the country, with the exception of the
Manchester-Liverpool urban concentration (upper left). (B} Simulations show
the three high-risk areas [adapted with permission from (21}] for FMD in the
United Kingdom in 2000, The key indicates the average number of cases in
a 10-by-10—km square from 100 model realizations. (Ch A novel strain of
influenza [reproduced with permission from (34)] would spread rapidly

wwwesciencemag.org  SCIENCE  VOL 316

though the United Kingdom during 2 global pandemic. Only 75 days after
the arrival of the first cases from overseas, the intensity of red color shows
the relative concentration of infectious individuals, and green indicates that
the epidemic is already over in some small communities. (D) In contrast,
even under a pessimistic transmission scenario, 75 days after 10 initial seeds
became infectious with smallpox in London [adapted with permission from
(3171], there would have been relatively few cases, and the degree of spatial
correlation would still be striking [same key as in (B} but with 5-by-5-km
squares],
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thirds of the discase transmission occumed i
these settings. The remaining third occurred mn-
domly, a5 a function of the distmee from in-
fectious wsdividuals. In conreast, individuals in the
mode] used m (27 belonged w muhiple groups,
in addition 10 bhouscholds, schools, and work-
places. The inclusion of these extr seflings was
an alermative v the dstance-tmnsmission con-
ponent used i (208 Although both approaches
revuire partmeters Tor which there is ke or no
supportmg ermpirical data, the model used m (26)
could be viewed as more parsimonious because
its conclusions are kess sensitive 1o these un-
infommed parameters, and it made good use of the
data that were available, such as spatially ne-
solved population density and trovel survey dita,

Muodel design choices such as these can
have a substwtial mpact on predictiions of in-
tervention efficacy. For example, m (27), targeted
antiviral prophylaas imphcitly assumes that
househaold clusters and small neighborhoods. thin
are important for wmnsmission could e casily
idemtified, resulting in a relatively bow upper
bound of 1 million courses of treaiment reguired
for contaiment. Conversely, the spatial reeniit-
ment of houscholds mio the mtervenion pro-
cesses proposed m (29 imphenly assumed a
weaker comrelaton between antiviral disinbutson
and tmnsmission, resulting in the more consery-

A Patch

ative estimate that 3 million courses of treatment
would be required 10 achieve containment.

Smallpox and Networks

Patch, distance kemel, ond multigroup models
can all be considered as spocial cases of spatial-
network models, in which nodes represent
individual hosts amd ares represent potentially
infectious links, As petworks, all of the model’
pathogen combinations described above would
have high average numbers of arcs per node
{ie. a large neighborhood sized relative to their
basic reproductive number Ky However, for
smallpox, intimate contact was almost always
required for ransmission W occur (30). There-
fore, 1 is necessary W represent o substantial
proportion of smallpox tmnsmission as occur-
ring over @ static network with a relatively small
neighbotwood size. This approach was used (37)
1o show that for the United Kingdom, the ad-
ditional benefits of geographically  tanzeted
regional vaccination would not outweizh the
adverse effccts of vaccmating many  low-nisk
individuals. Specifically, coniact tracing  with
isolation and vaceination alone would probably
resull in fewer deaths from a small initial cluster
of cases i London than would occur if gee-
gphically targeted regional vaccmation was
used in oddition 1o such a policy.

c Group

Perhaps the most innovative modeling ap-
proach 1o emerge from smallpox. epidemiology
{32} is the derivation of stiic contact neiworks
from mdividual-based second-by-second micro-
simubation. In (339, all of the people, locations,
and joumeys in the city of Ponland, Oregon,
were simulated explicitly. Simple rules were then
used w construct staue contact networks from
dynamic networks of individuals and locations.
For example, i two individuals were present in
the same location for more than an hour, 11 was
ssumed that a social comact existed between the
two, Bocause the intensity of comact was as-
sumed 10 be similar o all locations, implicitly,
peopke’s behavior in supermarkets (with nespect
W dlisease ransmission ) was assumed 10 be the
saume a5 i the home, This uniformity of contact
imtensity 15 unrealistic and must have resubied n
overly connected social petworks, However, when
pood data are available on the relative transmis-
sthility of respiratory pathogens in differant social
settings, the dervation of large spatial contact
networks from microsimulations will provide a
natural refinement of the distance-iransmission
approach described above.

Current Challenges
Some of the individual-based spatial models
deseribed above include age clissces and house-

D Metwork

Fig. 2. Four common abstractions for the spatial transmission of
infectious diseases. Differences between these approaches are best
understood in terms of the FOI, which is location-specific in spahially
explicit models. Red dots represent infections individuals, (A} For patch
transmission, all members of the same patch (residents of a town, for
example) receive the same FOI, which is a function of the distance from
their home patch to ather patches and of the prevalence of infection in all
patches. (B} Distance transmission is explicitly individual-based; that is,
each farm is assigned a precise location. It is assumed that any given
infectious individual can infect all susceptible individuals within range.
The pairwise probability of infection is usually a monotenically decreasing
function of distance, and the absolute FOI experienced by each susceptible
individual because of a single infectious individual is low. {C) In a pure
multigroup model, the FOI is determined entirely by group membership.
For example, if an infectious individual shares a household with a
susceptible individual (ovals), there is a high probability of transmission
occurring between the two. However, if an infectious individual does not
share a group with a particular susceptible individual, transmission

between the two cannat occur. Spatial patterns of spread are determined
by the locations of households and workplacestscheols (rectanglel and by
the typical distribution of journeys between them. Dashed lines indicate
group membership and solid lines indicate potentially infectious links
between individuals. (D) Network transmission is similar to group
transmission in that the FOI experienced by susceptible individuals is
zero, unless they share an arc with an infectious individual. For directly
transmitted respiratory pathogens, network transmission can be thought of
as a refinement of an implicit group structure, in which it is assumed that
not all members of a group are equally well connected; e.q., all colleagues
at a workplace are not contacts. More than one component of transmission
is included in some models. In general, computational requirements
increase from (A) to (D). Patch models can be implemented effectively on
a typical desktop computer because they do not explicitly represent
individuals. For population sizes greater than 10 million, individual-based
maodels have been implemented on clusters of large-memory personal
computers (26, 31, 34). Detailed microsimulation models (33) have not
yet been implemented at scales larger than a city.
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hold strecture (26, 33-35). However, none of
them include demographic processes so that the
binl, death, and aging of individuals are con-

sistent with the formation and dissolution of

houscholds over tme. Although these processes
would immduce substantial additional complex-
ity. spatially resolved census data and projec-
tions are available for many populations, which
woutld allow the small number of pammeters re-
quired by the additonal demographic processcs
o be etmated independently of the ransmis-
sion model. Demographic projections have al-
repdy been incorporated with good effect into
nonspatial models, such as those for HIV (36)
and pertussis (37), 1 suggest that several humon-
pathosen intermctions that exhibat spanal cluster-
ing @l large scales and that ane often ransmitted
within the houschold could be mvestigated with
such an extension 1o curent individual-based
spatial models, For example, it may be possible
to refine predictions of spatial patterns of com-
bined wherculosis and HIV wansmission in de-
veloping countries (%) and henee 1o consider
the use of spatially heterogencous houschold-
based intervention strategics a different distance
scales. The sensitivity of resulis from such mo-
dels 1o the demographic processes that wene uscd
could be illustmted clewdy with appropriae sen-
sitivity amalyses,

I one wses the network paradizm o cotiue
models of directly  tnsmuted  infectious dis-
eases, there s a desperate need for empincal
evidence o inform basic choices of topalogy,
such as average neighborhood size, For exam-
ple. the model stroctures wsed In mamy recem
studics of pandemic influenea (26, 27, 34, 35, 30
assuime implicitly that neighborhood size outside
the houschold is krge: Lel, that a substantial
propofion of the small number of secondory
cases (basic reproductive number By < 2, in-
cluding hovschold transmission) arses with low
probabality from brief contacts with many people.
Although this assumption i appropnate because

it is conservative with respect to the eflicacy of
group-based interventions, there s very linle
supporting empirical evidence. For example, |
am not aware of any studies that have been able
1o infer relible catmates (for any pathogeny of

16.
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Seawater Chemistry and Early
Carbonate Biomineralization

Susannah M. Porter

T s i wide varety of minemls o
Olmdf.n.: ther skeletons, mcluding silca, ap-

atite, and several polvmorphs of carbon-
ate. in panicular armgonite and calcive. 1 is unclear,
hewever, why differem taxa evolved 1o use one
mineml rather than another. Lineages rarely
switched ther mmeralogy alter acquinng skeletons,
suggestimg that, for most e, ambicn] serwater
chemistry docs not srongly miluence skeketal min-

have been amgonitic, and 10 are highly likely 1o
have boen calatic (ether high- or lw-magnesium
caleite). Mapping imferred skeletal minermalozics on
first appearances of mineraliztion (FAMSs) rosults
in a striking patiem (Fig. LAY Amgonite tsa sys-
tematically appeaned carlier, with FAMs uc.‘;.‘uri.ng
in the Bdiacaram Perod from Memakit-Dialdynan
Stage followed by caleitic taa, which began min-
cralizing in the Tommotian Stage or lter

a clade. Minembzaton of mos mimal skeldons s
beodogically controlked, occurring in an environment
pokted foan searwater (%), As a resull seawater

chemistry does ot have o direet nfleence on the
mincrakogy of most animal shelotons the way itdoes
for baomincraltrers that induce mincralizaton direc-
by from seavwater (90 However, seawater chemistry
oy have pliyved an indirect mole - delenmining
shaetal minermlogy by aflecting the physiological
costs of biomimenaliztion (). Expenmental and
paleomological evidince sugpests organisms have
preater difficulty producing skeletons nod (avored
Iwy scawater chemistry (2, 200 thus, it is reasomble
i posat that, when skeletons tirst evolved, nataral
selection Brvored the maneral easiest 10 precipitale
(0, Omce selected, however, txa mrely switched
mierdoges even though they may have been

ertlogy (F L However, scawater

negatively  affected when

chemistry may have dictated Edacanr Easy Cambrun | wade | Loe | ovvoncian Mg Ca®" matios clanged (2).
the choice of skebetd min- Newmukit-Daidynian | T [A] BotToy | Cambeian | Cammorian Allhough initially  optinal,
. T e i AT ey = RS 1] L] L] 1 [ e e Y S
u'nll.:m ut 1].11. e .'-lu.|l.'1:.!l‘n- Rahaiad = skeletal minerioey MLy SECe
first evolved m aclade (f, 20, . m__‘ T have presented a considerable
This hvpothesis was iesiod 5""“"'“ S gp—— evolutionany consiranl,
b assessmg the ancesiml min- O avstmtety /ey e
T E T = 2l = ———— : :::“ - References and Notes
crlogy faragonile versus cil- = — el ich cien gl 1 A H. Knoll, Rev. Minerol
cite) ol 21 meteoan xa th @ ey e Geochem. 54, 329 (2003)
evoled mmenlwtion denng ;c.__'__ ® - tercineen |, = 2. 5 ML Stanley, L A Ha.rdu‘,
w loe Eeli : . ) Pomcamraciiis PRI Paloeogesgr. Patoeodimaral,

the lae Edbcarn through the P
rdovicin (~550 to 444 mil N v i a4 POCIROCL. 108 5 T
'LI WIEN (=230 I il i el L 3. 5 Bengtson, 5. Corway Marris,
lion vears ago) and comparing [ in Origin and Early Evalution of
the resubting patiem waithy inde- =?m"’""°'°"';mn“'"’"”"“”"" J g‘teu:!e;am lé: ﬁ:ﬂ.

= ik . W s peatara " g, 3 TRIm,
e Sy e e New Yotk 1992, . 447481
scawater chemistry (Fig. 1 an 8 —_ o 4. T.K Lowenstzin, M. WL Timoeef,
tables 51 and 821 Each taxon is B reraceciee 5.7, Brennan, L A Hardie.
thought o epresent m - inde- —a o e . Demiceo, Srence 294, 1084

L O (2001,

pendent acquisition of biom-
eralization (3 awd  therelone
should offer an mdependent
test of the hypothesis, Ahema-
tive tonomic mlerprctations
{tabhe S1) affoct the depnee of
support Bor the patiom presented
here bt do not clange it Foor
tavean knowan 1o be polyphyletic
were excluded (mble 510

Determining the  primary
mineralogy of ancient carbon-
e fossils 15 non staightiorawand
becmse armponite reerystallies o caleite at Earh's
surfice prossues, As o esull, foomerly amgomtic
shektons ae ofien presenved s caleite, Five well-
accepled ertenia were used 10 mier pimany min-
erlogy [Supporting Online Material (50M)
text]: (i) presence of orginal amgonite, (i) pliylo-
senetic distnbution of mincralogies n extant men-
beers of i group, (1) quabity of preservation of ozl
microstructines in caleie, (iv) momholoey of crys-
tals replicated by seoondary minerals, and (v) mag-
nesium eontent. Evidence for primarny mincralogy
was drwn froan the leriune (able 515 and cnt-
ieally evalunted with respect W these citeria,

For I8 of the 21 taxa, pomary minerlogy is
known with at least some confidence. OF these,
cight are highly likely (N =4) or likely (V=410

Fig. 1. First appearances of carbonate skeletors i animals (A) and constraints on seawster

chemistry (B} during the Ediacaran through the Ordovician Periods. Fluid inclusion data are listed in &
table S2 Indirect evidence for seawater chemistry, reviewed in (2), refers to constraints from .
nomkeletal marine predpitates and from models of mid-ocean ridge ydrothermal brne flues.
Because most taxa are fossized in abundance. it is assumed that first appearances of skeletons in
the fossil record closely approsimate actual first appearances of skeletors, “Calcite sea” and
“aragonite sea” refer to seawater that favors calcite and aragonite predpitation, respectively.
Boundary age constraints are from the International Commission on Stratigraghy International
Stratigraphic Chart (2007) (www.stratigraphy.orgicheu.pdf) and (11). Although there is uncertainty
regarding he posibon of stage boundaries relatve to some first appearances of skeletons, the
sequence of taxa i unaffected (table 520, Ma, million years; T, Tommotian Stage; A, Adabanian
Stage; BotToy, Botomian and Toyonian Stages.

Fhd inclusions 1 manne evaponte deposits
prowide the most definitive constraints on the
Mgz‘ Ca®" ratio of ancient seawater (4), which
i5 thought o be the pamary conto] oo marne
nonskelet] carbonate minemlogy (2, 51, These
indicate that the Mg™ Ca™ mtio of lme Edibcarn
seawater favored amgonile precipitation (4, 6,
whereas the M /Ca®' ratio of Tommaotian/
Atdabanian through Tovonian scawater (4, &, 7),
as well as that of ke Ovdovician seaxwater (4, 5),
Favoned cabcite precipitation (Fig, 18 md able 823,

The close comespondence between the pattem
of FAMs and the constraants on seawater chenis-
v (Fig. 1) suggeests that selkection of amgomite versus
calcite was largely dictimtod by sepwater chemistry at
the ome mineralized skeletons were {ist acquined in
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155,000 Years of West African Monsoon
and Ocean Thermal Evolution

Syee Weldeab,'*+ David W. Lea,® Ralph R. Schneider,® Nils Andersen®

A detailed reconstruction of West African monsoon hydralegy over the past 155,000 years suggests a
close linkage to northern high-latitude climate oscillations. Ba/'Ca ratio and oxygen isotope compaosition
of planktonic foraminifera in @ marine sediment core from the Guif of Guinea, in the eastern equatorial
Atlantic (EEA, reveal centennial-scale variations of riverine freshwater input that are synchronows with
northern high-latitude stadials and interstadials of the penultimate interglacial and the last
deglaciation. EEA Mg/Ca-based sea surface temperatures (55Ts) were decoupled from northern high-
latitude millennial-scale fluctuation and primarily responded to changes in atmospheric greenhouse
gases and Low-latitude solar insolation. The onset of enhanced monsoon precipitation lags behind the
changes in EEA 55Ts by up to 7000 years during glacial-interglacial transitions. This study demonstrates
that the stadial-interstadial and deglacial climate instability of the northern high latitudes exerts
dominant control on the West African monsoon dynamics through an atmospheric linkage.

he West Adican (WA) monsoon is an
I important component of the climate sys-
tem because (i) it s pan of the global
monsoon system that regulates the moistune and
heat budger of the atmosphere in low latudes;
(i) i s sensitive o climate processes in the
northem high latitudes and tropical occans (F);
and (1), at a regional level, it is the main deter-
minan of agriculiural production in densely pop-
ulmed areps where the ecconomy  depends on
subsistience agriculture, Thus, a deeper under
standing of past WA monsoon dynamics and its
controls is of pivotal importance W improving
our knewledge of the monsoon system and as-
sessing the impact of [uwne climate change.
Previous studics of WA paleohydrologey lnee-
Iy focused on the Holocene and the last de-
gleciation (2-7) and revealed allermatmg humid
and dry conditions as reconstructed (rom lake-
level Muctuations across the continent (3), These
hydmloeieal changes are thought 1o reflect the
rmoviement of the mieropical converpence wone
(ITCA)Y in close association with wopical 85T and

norhern high-=latiude climates (2, 4). Because of

the lack of a long, cominuous, well-daed, and
high-resolution record that includes mdependent
and quantitative bvdrological proxies, our under-
standing of the WA paleomonsoon and its 1ehe-
comnections to ghobal climate remains fenuous,
To address these shoncommgs, we present a
135,000 ear reconstruction of WA monsoon
precipitation variability at the centennial-to-
millenmal scale from marme sediment core
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MIDO3-2707 (02°30.01'N, 0°23.68°E. 1295 m
water depth), which was recoverad from the
castern part of the Gull of Guinea in the EEA
(Fig. 1)

Oceanographic setting and proxy records.
The Gulf of Guines is located n the castem
extension of the cquatorial Atlantic wamn tongue
{40, In the upper 20 mof the water column, S5T
vares between 26° and 28.5°C (¥ Freshwater
input from the Smmagn and Niger rivers i the
main factor determining modern sca surface sa-
linity (555) varability in the castern Gull® of
Giuinea (Fig. 1)L The large volume of rverine
runcll, combined with weak current and wind
mixing (%, £, leads w murkedly low 555 and a
shallow habecling (200 w0 30 my) (8) (Fig, 1), Our
wiorking hypothesis i that lanze-scale changes in
past WA monsoon precipitation and  riverine
rumdt are reflected in the isotopic composition
of seawater and budget of dissolved Ba in Gulf of
Ciuinea surface water, which is, in tum, archived
i mnciofossils that accumilite in manne sedi-

Fig. 1. Annual 555 in the Gulf of [
Guinea {8). Location of MDO3- |
2707 (02°30.11'N, 09°23.68'E, '@
1295 m water depth} and drain- '
age basin of Niger and Sanaga f
rivers (delineated by dotted line) &
are indicated. The Sanaga River,
with an annual discharge of 77 km’,

drains a basin of 158,000 km® with =/
the highest precipitation (10 mm/
day) in the African continent (23}

the catchment of the Niger River
(2,400,000 km?®) integrates the =
largest part of WA monsoon area

with annual runoff of almest 200
km? [data from Global Runoff Data hﬁﬁ

Centre (httpztgrde.bafg.de)]. Be-

oW

ments. Because of the absence of coastal upwell-
ing and strong local current mixing in the eastem
part of the Gullof Guines (g, S1), S5T estinmales
likely retlect wmmosphene conditions over the
tropical Adlantic rther than advective signatures.

We measured Ba'Ca ratios, Mg/Ca milos,
and oxvoen isoope composition (&%) in the
wsts (shells) of plimkionie orammmiter Crfodi-
gertnoides ruber (pink varety )l which dwells in
the upper 25 my ol the water column, to mfor past
555 and S8T wariation. MDO03-2707 core
sediment is 3730 m long and covers the past
155,008 wears (Fig. 2). The age model is
descnbed in (1), We applicd Mg palethenmom-
ary o obtmn 55T estimates using an estiblished
calibration equation (//). "0 in foraminiferal
cloie [n‘i's{}.@ml is controlled by the calcilica-
tion temperature and the %0 of seawater
B0, which is controlled by salinity varia-
tion and continental ice volume, The "0, is
extmcted by means of the MeCa-hased 55T
estimate with analyzed 840 and temperature-
B0 g0 80, relationship { £2). 80, is re-
kated linearly w salinity (/). However, changes
in the origin of surface water and changes in "0
of nvernne mnell make the use of the modem
ﬁlsﬂm-ﬁﬂﬁ relationship o determime paleo-555
estimules uneertain,

Ba/Ca in planktonic foraminiferal calcite
1B Cltg gy ) prowidis an mnovative ool o assess
pazt vanability i regional nvenne runolT (/4.
Seawater Ba (Bag, ) concentmtions at occanic
sites infuenced by niverine munodl have a notahly
high inverse comelation to salinit, with high Ba
and low salinity at sites elosest to the river mouth
(figs. 54 amd 53) because dissolved Ba is high in
rivering water and Ba desorbs from suspended
sediments inestuarics (13, J6). Labomtony exper-
meents on Tving planktonic forminiter demon-
strole that Ba mcorporation in foramim feral
caleite vanes linearly with changes in Bag, con-
centrtion, mdependent of wempemtune changes

within ~7°C" (17 Thercfore, the vanation of

Ba'Cagypy 15 contmolled by the Bag, concentra-

Tm m XM
fuarty g

W o SE  WE  15E

tween June and September, intense monsoon predpitation (-180 to 240 mm/manth) prevails over the
catchments of the Niger and Sanaga rivers (23), resulting in a large freshwater input into the eastern part

of the Gulf of Guinea.
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tion, and the tempoml vanation of BaiCages
provides valuable insights imo changes in river-
ine freshwater inpul In order 1o obiain an esti-
mate of the past unol-induced 855 variations,
as recorded by BaCligemm. we use the modem
Ba'Ca,,-salinity  relationship obained ofl the
Congo River (£3) and Ba/'Cag,-Ba'Capem
partition coeflicient (£7) w obtain o Ba/Cag, .-
555 relntionship (Frze. 20 Although our approach
is supponed by the observation that Bag, con-
centration im three different estuancs (N, 55)
affected by munoff from three major tropical rivers
shows a high and similar degree of linear
comelation with salinity (1), the Ba/Cagyn-
based 855 estimates should be reganded as a fimst-
because the BalCapm-salmity
relationship in the Gull” of Guinea is nol vet
established.

Holocene WA monsoon history, The Ba/(a
record 15 the most direct prosy ol nvernme
runofl, Variability of 80 in . meher wen-
crally follows that of BaCa, although the
&"™0 fluctuations are less pronounced (Fig. 31,
The close correspondence between BaiCCa and
8'"0,, indicates that the later was larpely con-
trodled by divernine rupodl throughout the recosd.
The lrgest amd most abrupt Ba'Ca rise m the
Gull of Guinea necord oceurs at — 11460 years
before the present and marks the end of the
Younger Dovas (YD) chronoeone and the be-

oider estinie,

Fig. 2. Gull of Guinea record
based on trace element and 5*%0
in tests of the shallow-dwelling
planktonic foraminifer G ruber
(250 to 350 um} from core MDO3-
2707, Prowy records in MDO3-
2707 are plotted wersus cabendar
age [thousand years {Iq.lr} B.P] and
compared with the 520 in ice
(61%0,} record of the NGRIF ice
cofe (A) (300, %0 in the tests of
G. ruber (B), 5**0,, (not corrected
for changes in continental ice
volume) (C), and Ba/Ca (umel/
mol) and BatCa-based 555 esti-
mates (D} are shown. PDB, Pee
Dee belemnite; SMOW, standard
mean ocean water. The Ba/Ca-
based 55% estimate is calculated
fram the modemn Bag,-salinity 10
relationship obtained off the
Congo River (15} and the partition
coefficient for Ba incorporation in
foraminifera of Dg, = 0.147 [Bar
Cagyam = Dy 1BaiCay )] (171555 =
[-7.47(Ba/Capenm)] + 37.45; 2 =
0.98; error estimate, £0.41 psu (fig.
S4). The Ba'Ca record between
122,000 and 127,500 yr B.F. might
be slightly affected by diagenetic
influence (10). (E) MgiCa {mmol/
mol} and

570 (% vs PDB)
5]

555 (o]
[
s

0.5

0.38] + 0.78 (12); SE estimate, £1.2°C. Symbals along the x axis indicate age control
points used for establishing the age model for MDO3-2707 (10): Triangles indicate
age control points as derived from a pelynomial fit to individual calibrated **C-AMS

Ba/Ca (umalimol)

Mg/Ca-based 55T estimates, where 55T (°C) = 0.09 “In[Mg/Caimmolimol)f

ginning of the Holocene epoch, The increase of

Ba'Ca from | 4 1o L2 pmol'mol. equivalent to an
558 change from 27 1 24 peactical salinity units
(psu), occurned within a few decades (- 50 N
and proints 1o an abrupt switch from relativel v dry
o extremely wet conditions and to a large north-
ward expansion of the monsoonal minfall fron,
as previously suggested by modeling studies
(08, 19 and paleochimate dom (3, 4, 200 The
intensification of the monsoon i the earliest
Holocene is consistent with: Kutsbach's orbital
forcing hvpothesis, because perihelion occumed
incarly Northern Hemisphere sumimer ab this time,
resulting in enbanced summer insolation (27)
and o seasonal wann Lr'uq'rim] Adlantic lFi;_.',. 3L
Persistently high levels of Ba'Ca (1.7 10 LR
pmal'mol) for ~6300 vears sugpeest that inlense

monsoon precipitation and high dverine mnedT

continued throughout the early and middle Holo-
cene, with a salimity manimum of 23 paa, which s
just 2 psu higher than the salinity Timit (21 psw)
for €. rber growth (22) Superimposed on the
genenally extreme wet conditions duning the mid-
dle and carly Holocene (11460010 3100 yr B.P)
are several centennial-scale Ba/Ca (uctuations,
including a prominent event close o 8200 v B. P,

Alter 5100 vr B.P, rivenine Ba/'Ca dedined
contimuously, eventually attmnmg (at ~360 yr
B an averge value of | pmolmol, which
comesponds o an 555 estimate of 29 psu, which

is cqual o the modern annual 555 value at 10 o
25 m water deph over the core site (8. The
pmdual decline of Averine freshwater inpat over
the late Flolocene, as imdicated by Ba'Ca and
&'%0, 1s most likely assocmted with a continuus
southward rereat of the monsoonal raintall front
from its norhenmost expansion (-2 7°N) during
the carly and middke Holocene (3. 200 o~ 195N
 the present (281, This fnding 15 consistent with
the results of lermestrial sudics from the drinage
basin of the Niger River ( 24, 25), suggesting that
wepkening and gradual southward displacement
of momseon precipitation were accompanicd by
gradual changes in vegctation.

We hypothesize that, in the absence of larpe
nothem high-latitude we-sheet mstabalities, WA
Holocene monsoon precipittion s linked o
Morthem Hemisphere low-latitude summer inso-
lation and EEA S5T. In fact, high riverine nanofl
i the cardy and middle Holocene, as mdicated by
high Ba'Ca, & aocompanicd by high 55T, and
dectining munofl” occurmred i pamllie] with de-
creasing S5T throughout the late Helocene
iFig. 3). Furthermore. a comparison with other
records of the global monsoon system indicates
that the evolution of Holocene WA monsoon
precipitation shares o close simularity with that
of the Indian Ocean (26), the Ewst Ason (EA)
(27, and the South American monsoons (28,
suggesting that declining Morthem Hemisphere
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ages {table 51 and fig. 53}, and drcles and diamonds are tie points obtained by the
alignment of (i) the 670 record in (B} with the NGRIP & D.,;. record in () (300 and

(i} the benthic foraminiferal 3*"0 record in MD03-2707 (Fig. S2) with the "LRO4”
benthic foraminiferal 30 stack record (49), respectively (table 52},
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summer solar msolation acted as a common
control on the global monseon system during the
late Holocene {29},

Monsoon behavior during the last two
deglaciations. Glacial BaCa values are only
slightly elevated over open-occan Ba'Ca values

(/3), implying greatly reduced riverine runofl
and 555 of =32 pau (Figs, 2 and 23 Stable and
lonw values give way o nsing Ba'Caalier 164300y
B, mdicating a gradual merease i runoll and
precipitation. At 14320 vr BP, Ba'Ca rises
sharply o peak values, comesponding 10 885 of

Fig. 3. Gulf of Guinea
record over the past
25,000 years based on
trace element and &80
in the tests of G ruber
from MDO3-2707, in
comparison with the
5280 record of the NGRIP
ice core (Greenland lce
Core Chronology 05}
(30) (A). "0 in the
tests of G. ruber (B),
&'®0,, (not corrected
for changes in conti-
nental ice volume) (C),
BafCa and BaCa-based
G55 estimates (D), and
Mag/Ca-based 55T esti-
mates {E) are shown.
Triangles along the x axis
indicate age control
paints as driven from a
palynarmial fit to individ-
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Fig. 4. Gulf of Guinea record covering the time interval from 65,000 to 123,000 yr B.P. based on

trace element and 4*®0 in the tests of G. ruber

from MDO3-2707, in comparison with 50 record

of the NGRIP ice core (30) (A). 50 in the tests of G. ruber (B, 520, (C), Ba/Ca (umolimol} and
BalCa-based 555 estimates (D), and Mg/Ca-based 557 estimates (E) are shown, GI5 identified in the
&*®0 and Ba/Ca record of MD03-2707 are numbered (19" to “25"), and associated G5 are marked

in gray.
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26 psu during the Bolling-Allerod chronozone
iB/A. indicating runofT levels similar 1o those of
the carly-late Holocene (4000 yr B At the
onset of the YD (-12.930 v B.P), Ba'Ca drops
abrupily w11 pmolmol, indicating a collapse of
riverine runefl and a salinity increase 1o 29 psu,
most likely as a result of sharply reduced mon-
soomal precipitation. Sustained low BaCa values
comerdent with the YD chronoeone (12,930 w
11,460 yr B suggest that dry conditions i
westarn Adnica lasted for - 1300 vears,

The records of rivenne mnofl proxics in the
Ciulf’ of Guinea closcly comelate with the Nonh
Cireenland lee Core Project (NGRIP)6"™0 recond
(31 during the last deglaciaton (Fig, 3). Periods
of warm air temperature over Greenland were
msocinted with penods of high riverine runodin
WAL whereas cold conditions were associated
with meduced munofl. Within age model uneer-
intics of <150 vears, the onsets and lermi-
mations of the precipitation changes n the Wa
monsoon area during the BA and YD are
synchmonous with the shift in the NGRIP record.
This suggesis a strong climaie conneciion be-
tween northem high-latitede climate processes
and WA monsoon precipitation, most likely due
e synchronous latiudinal displacement of the
polar fromt and the ITCZ,

I sharp contrast to the riverine rumofl proxies,
deglacinl Me/'Ca ratios in the Gulf of Guinca
record asdecate o contnpous 85T nse from a
placial value of 2401+ 045 (¢ 1 SD) between
23000 and 19000 yr BP0 272 + 0.7°C
between 11000 and 8,500 vr B.E This finding
implics that deglacial air temperature instability
over Greenland (30} was not matched by 88T
changes in the EEA. This observation, combined
with 55T reconstructions from the tropical west-
em Adkanne (37, demonstrates that the YD dad
not deave a thermal imprint on the open-coean
cquatonal Atlantic. Accordingly, the shamp YD
cooling observed i the Canaco Basin (32) ne-
flects the sensitivity of this basm 1o nonhem
high-latnude processes mather than a widespread
open-ocean tropical Atlantic themmal event. It
further implics that EEA 55T was not the domi-
nant control on dezlacial WA monsoon precipi-
tation varability, The cominuous and gradual
S5T rise dunng the kst deglacition beads abrupt
changes i monsoomal precipitation by -2500
wears, The penultimate deglacial s characteniaed
by an even more pronounced lead-lag pattem,
with gradually nsmg S5T leading the rapid onset
in monsoon intensilication by <7000 vears. The
findine that 55T leads the deglacial monsoon
omset by oup to T vears sugeests that regional
ST msc was not the dominant control on degla-
cil WA monsoon evolution. Larpe-scale chanpes
in atmospheric circulation linked o substanial re-
duction of e noathem high-lattode e shoets like-
by triggered the onset of morsoon imiensification,

Glacial WA monseon variability. Riverine
el T priosies sugeest dry and relaivedy stable
conditions during full glacial episodes in the WA
monsoon arca (Fig. 23 During the time intervals
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from 19000 1o 51,000 and 61,500 w0 7O v
B.P [marne isotope stage 4 (MIS4)], Ba'Ca
ratios are markedly low and stable, ranging from
089w L1 pmolmol, which cormesponds 10 an
catimated 555 of 32 w 30 psw. Considering the
effect of increasing cominental ice volume on
810, 133) from 52,000 through 19,000 yr B.P.,
the 8'*0,, record coroborates the overall envi-
rommienial conditions suggesied by BaCa, inde-
cating low and swable riverine runedl” and a
severely weakened WA monsoon system. Stari-
ing at the beginning of the MIS4-MIS3 trunsition
(= 62,000 vr B ). Ba'Ca gradually increases and
peaks at -35000 yr B with a value of 1.5
pmolimol, which corresponds w0 =265 peu and
sugpeests bess saline surface water dunng carly
MIS3 redative 1o that of the lae Holocene,
Unlike the last deglacial and  penultimate
interglacial (Fig 4), Hl:l.i."lall WA mverine runoll,
s recomded by BaiCa and 3'"’(}1“, didd mor Die-
tugte 0 concert with Greenknd  imterstadials
(G5 and stadials (GS) 30, Assuming that our
sample resolution sufficiently captunes centennial-
to millamial-scale hydrological changes in MIS3
and MI52, the Gull of Guinea record suppests
that glacial boundary conditions dampened the
response of the WA monseon system 0 glacial
GIS. This is in sharp contmst w the Sowh Amencan
(34, 33), Indimn Ocezn (36, 371, and EA monsoon
systems (38), which reveal strong coupling o the
IS events between 19,000 and 60000 yr B.F.
We hypothesize that the extent 1o which the
WA monsoon responds o submillenmial extr-
tropical forcing mav depend on the mitial sum-

mer position of the ITCZ that s determined by
elacial and imerglacial boundary  conditions.
During placials and the second hall of MIS3,
the hydrological proxies suggest minimum run-
ol and severely redvced precipitation over WA,
This 15 consistem with a wide-ranging south-
ward ITCZ displacement over the Atlanie realm
as evidenced by concomitanmt dry conditions in
the Caraco bhasin (39) and wet conditions i
northeastemn Brazl (350 We argue that the sca-
somal nomhward migrtion of the oceame ITCZ,
which wis positioned over the EEA during the
elacials and late part of MIS3, did pot extend
noath of the cast-west tremding WA coast, and
that the ITCZ response 1o glacial GIS warming
was dompened by the lrge thenmal mertia of
the: oeean.

WA monsoon variability during the penulti-
mate interglacial. lydrological proxies in the
Ciill of Guimea record mdicate nmumerous
millennial-scale Muctuations i dvenne fresh-
water imput during the penulimate interglicial
{MIS5) (Fig. 4). Both Ba/Ca and 8'%0,,, sugpest
enhanced rvenne munofl at time intervals thai
eomelate 10 GIS 19 through the Eemian amd low
runcdl at the associated GS (GS 19 w0 GS 23)
[ a result of diagenetic complications, BaiCa s
not considered bevond 127,500 yr BE (/0]
Close examination also reveals that the elative
amplitude of Ba'Ca and %0 changes in the
Ciull ol Guinea record comelatmg o GIS 19 and
GIS 20 are kess proneunced than those observed
in the NGRIP record. We atiribate this o the
fact that both GIS 19 and GIS 20 occumed

Fig. 5. Timing of degladal onsets T
of the WA monsoon [as indicated by [
5"%0, (D) and Ba/Ca (E)] and the
Gulf of Guinea 55T record during
termination | and |1 (F), & compared
with the EA monsoon record from
Dongge Cave (B) (27, 46), the
midsummer solar insolation (insol}
al 15°N (29) (C), and changes in
atmospheric methane concentration
(A), as measured in the Greenland
fce Sheet Project 2 ice core 47} and
in the Vostok ice core, Antarctica
(40). ppbv, parts per billion per
volume, The termination Il Ba/Ca

record is slightly affected by sedi- A3 %

mentary contamination, and mea- |
surements older than ~127,000 yr
B.P. are nol shown (100, Abrupt
monsoon WA and EA changes oc-
curred late in the deglacial phase,
whereas 55Ts warmed relatively
continuously and without abrupt
shifts throughout the deglaciation.
This observation suggests that the
WA and EA monsoons acted in
synchrony and supports the notion
that the abrupt atmospheric meth-

Ba/Ca (prmolimial)

L

1 f: ™ & 428

Waltls e, 434

-
¥
L
Mg'Ca 557 ("C)

ane increase associated with glacial
terminations may have its source in
moensoon areas (46, 45),

10 12 4 186 18
calendar age (kyr, BF)

e . . - e 22
20 120 125 130 135 140
age (kyr, BF)

during the transition from intere lacial (MI535a) o
placial boundary conditions (MIS4), which, as
arpued above, appeared 1o dampen the WA mon-
so0m nesponse e extratropical miluence. Some
slight dilferences in the pattem of ransitions al-
%0 exist from stadial w imerstadial amd viee ver-
sa in the Gulf of Guinea record when compared
with that of the NGRIP record (Fig. 4. GIS 23,
for example, wrmimated abmptly as imdicated by
Ba'Cain the MDO3-2707 recond; in the NGRIP
record, the transiton 1o G5 22 s gradual, The
robe of EEA S5T in modulating the WA mon-
so0n precipitation during MISS (Fig. 4) was
most likely secondary. This observation suggests
that although the general conditions of millamial-
scale WA monsoon precipitation. duning  the
MISS were set by norbern high-lanude climate
comditions, the amplitude and abruptness of WA
precipitation changes appear 1© be modulated by
mternal vanability of the monsoon system or wene
preconditioned by bow-latitsde summer insolation.

EEA 55T forcings. Mmjor changes i EEA
SST are recorded at glacial werminations | and 11,
cquivalentio S5T increases of 3.1 + 0.8% and 3.7 +
0.5, respectivdly (Figs. 2 and 5). The EEA
S3T record is also in phase with medsummcer
solar msolation at [53°N (29) (g, 56), sugeesting
thar the EEA is thermally sensitive w Northem
Hemisphere low-latitde summer radiation, ci-
ther through a monsoonal feedback (21 or
because Mg/Ca-based 55T estmates are
weighted toward the boreal summer. The eflect
of orhital forcing in the EEA 88T changes 15 best
exemplificd by the 55T mse at 140,000 o
153,000 yr Bt when atmospheric greenhouse
pases and their associated radiative forcings were
b, s indicated in the Vostok vecord (40 (fig.
560 Apart from the large S5T chonges during
termimations (1., the TOLO00-yvear cyveles) and
those related o precessional varimes in summer
msolation, 2 feature that stands oot is a cooling of
=2*C bhetween =84.500 and 78,000 vr B.P
Companson of EEA 85T with the Voswk ice-
core record (46 reveals that ar temperature
cooling over Amarctica and a decrease in atmo-
sphenc OOy also occurred ot this time. This
ohservation suggests that the decrease in EEA
SST, as indicated by Mg/Ca, might relaie 1o a
broad-scale wopical conling i response o green-
howse s changes in the mmospherne. Major
glacial-imerzglacial 55T mansitions i the EEA
md cliewhere in the topics (4/-43) are par-
alleled by large changes in greenhouse pases as
recorded in Antarctica ice cores (41 Radiative
forcing associated with the increase in greenhouse
pases during the glacial-interglacial trnsition has
been estimated o give fse o an increase of =27 10
3°C in tropical SS5T (44 and 4% 10 6°C in air
termperature over Antarctica (401, If this estimate
is correct, the EEA SS8T increase ol tenmination |
ad 11 was largely o consequence of mdiative
foreing comesponding 1o greenbouse gas in-
oreases, The abrupt increase of simosphenic meth-
mne wssocited with the intensificd global monsoon
{Fig. 5) would have also enhanced greenhouse

1 JUME 2007 WVOL 316 SCIEMCE  www.sciencemag.org




forcing. therchy acting s a tropical foedhack.
Thus, EEA 85T was mainly controlled by radia-
tive forcing correspondang o the vanation of at-
mosphieric preenhouse gases (40 and  orbital
forcing (precession); submillenmal we-sheet msta-
bilitics in the northern high latinedes did not keave
a sirong ampnnt in the thermal evolution of the
oper-ocean ropacal Atlantic, as has been preyious-
Iv observed n the Pacilic (43) This strongly sup-
poris the general observation that themuil changes
in the ropics prmanly reflect greenhouse forcing
and, o a lesser extent, orbital insolation changes.

WA monsoon in the context of the global
monsoon system. The wesuls of this stedy
demonstmte the nterplay and  importanee off
several factors and Toreings that povem the WA
monsom system ol different time scales and
houndary conditions. The mle of bow-ktiude
midsumimer solar imsolation and tropical 55T in
modulating the WA monsoon system s clearly
evident, but millennial-scale extratropecal infle-
enoes can overnide tropical Torcing, The major
increase of deglacial WA monsoon precipitation
comcides, within age model unceriuinty, with the
intensification of the EA monsoon (27, 46) and
rapid increase of atmospheric methane (41, 47),
This observation sugeests that, dunng de-
glacmtion, the WA and EA monsoons acted
synchrony and supports the notion that the abrum
atmospheric methane increase associnted with
glocml termmations may have s source m mon-
soon arcas (46, 440 (Fig, 55 However, the WA
and EA monsoons responded  difTerently 1w
millenmial-scale extmtropical nfluence dunng
the penultimate interglacial: The WA monseon
was weak during GIS events, while the EA
monsoon latgely followed insolation foreing
(271 In contrast, during late MIS3 and MIS2,
the WA monsoon did not vary stromgly, whibe the
EA monsoon varied in coneert with GIS events,
Land-occan conliguration and glacial-interglacial
houndary conditions appear o exert constmints on
how individual monsoon systems respond 1o
millenmial-scale northem high-lantude chimane
instabilitics,

References and Notes

1. P. Camberlin, 5. Janicot, |. Poocard, Int | Climarod, 21,
973 {2001

2. P deMenocal, |. Ortiz, T. Guilderson, M, Sarmibein,
Science 208, 2198 (20000

3. F. Gasse, Quat. 5ci, Rew. 19, 189 (3000}

4. 5 Weldeab, R. R, Schneider, M. KBlling, G. Weler,
Geology 33, 981 (2005),

5. M. R Talbot, T. Johannessen, Earth Planet 5ci, Lert 110,
23 (1992),

6. A 1. Adegbie, R. Schneider, U. Rl G. Wefer,
Foleogecgr. Paloeactimaiol Poloeoecol. 197, 323 (2003).

7. 1. M. Shanahan et ., Palosogengr. Patoeoctimatol,
Paloeoecel 242, 287 (2006),

8. 5 levitus, T. P, Bayer, Wenld Ocean Afas 1994 (National
Oceanic and AMmospheric Administration, Natsonal
Ervironmental Satellite, Data, and Information Service,
.5 Department of Commerce, Wathinglan,

DuC, 19948, vol 4,

9, G Gu, B F. Adler, | Chim. 17, 3364 (20041

10. Materials and methods are available as supporting
material on Scence Online,

11. F. 5. Dekens, D. W. Lea, D. K. Pak, H. . Spero, Geochem.
Geophys. Geosyst. 3, 1022 (2002),

wwwesciencemag.org  SCIENCE  VOL 316

12. B E Bemis, H. Spero, |. Bijma, D. 'W. Lea,
Prleoceonagrophy 13, 150 (1998

13, G. A Schmidt, Pedroceanography 14, 482 (1995

14, | ML Hall, L-H. Chan, Arleoceanography 19, PA101T (2004).

15, | M Edmond, E D. Boyle, D, Deurmmand, B Granl,
T. Maslick, Meth. I Seo Res. 12, 324 (197E).

16, M Colley & ol, Bstugr, Coast. Shelf Sei. 45, 113 (1597),

17, D W. Lea, M. Spero, Poleccemnography 9, 445 (15940

18. A Ganopobski, €. Kubatrki, M. Clausen, V. Brovkin,
V. Petoukhav, Sclence 280, 1916 (1998).

19. L lin, ¥. Wang. R. Gallimore, M, Nataro, ). €. Prentice,
Geophys, Res, Left, 33, 122709 (2006),

20. H. Kuhlmann, H. Meggers, T. Freudenthal, G Weler,
Geophys. Res Left. 31, L22204 (2004).

21, | E Kutebach, L L, Science 278, 440 (1997

22, . Bijma, W. W. Faber, . Hemleben, J. Foreminiferal Res.
20, 95 (19900

23, | E |anowiak, P. Xie, J. Clim. 12, 3335 (1999).

24, A M. Lerine, |. C. Dupletsy, | P, Caret, Polosogeoqr.
Prlgeacimatol. Polacocce!. 219, 225 (2005},

25. WL Salzmann, P. Hoelemann, L Morczinek, Quat. Res. 58,
73 (2002},

26, D. Fleitmann ef o, Science 300, 1737 (2003).

27. D. Yuan ¢f oL, Science 304, 575 (2004),

28, G. H. Haug K. A Hughen, D. M. Sigman, L C Peterson,
L. Rohl, Science 293, 1304 (2001}

29, A Berger, M. F, Loutre, Quat, 5o, Rev, 10, 297 (1991,

N, K K Andersen of ol, Noture 431, 147 (2004),

3L 5 Weldeab, R, R Schneider, M. KSlling, Farth Planet. X
Ledt. 241, 699 (2006).

32, D. W. Lea, D, K Pak, L C Peterson, K. A Hughl!n,
Science 301, 1361 2003),

33, C Waelbroeck ef of., Quot. Sci. Rew. 21, 295 {2002).

34, R G Peterson, L, Stramma, Prog. Oceanogr. 26, 1 (19510,

35. X Wang et ol, Natwe 432, 740 (2004).

36, 5 ]. Burrs, D, Fleitmann, & Matter, | Kramers,
A A Al-Subbary, Scierce 3000, 1385 (2003),

37. H. Schulz, U. von Rad, H. Edenkeuser, Narure 393, 54
(1998}

38, L Wang et al, Sclence 294, 2345 (2001,

RESEARCH ARTICLES

3%, L C Peterson, G. H. Haug, K. A Hughen, L. Rohl
Science 200, 1947 (2000).

A0 | R Petit ef af, Nohure 399, 429 {1999)

41 DWW Lea, D. K. Fak, H. . Spero, Soence 289, 1719 (20000

42, R Sarsswal, . Wigam, 5. Weldeab, A Mackerrien,
P. D. Mabdu, Gegphys. Res Lett 32, L24605 (2005).

43, R R Schneider, P, |, Maller, G, Rubland,
Faleoceancgraphy 10, 197 (1995).

44, 0. W. Lea, J. Chm. 17, 2170 (2004).

45, L Stedt, C, Pulsen, 5 Lund, R Thunell, Science 297, 222
(2002).

A6, M. | Kelly er af., Pelneogeagr, Paleeaclimalol,
Fotoececal. 236, 20 (2006).

47. E. ). Brook, T. Sewers, |. Oncharda, Scrence 273, 1087
(19%8).

48. ). P. Severinghaus, T, Sowers, E. |. Brook, R B. Alley,
M. L Bender, Mature 391, 141 (1993}

4%, L Lsiedd, M. £ Raymo, Paleoceanagrophy 20, PA1D03
{2005),

50, 'We thank G. L Paradis for mass specrometry operation,
1. Guilderson and P. Grootes for accelerator mass
spectrametry (WISI-1C dating, H.-H_ Cordl, M, Gier, and
H. Heckt for stable iolope measurements, 2. Liu for
dmussion, ] Dupak for sample preparation and decussion,
and L. Rishlemann and E. Schefull for shipboard help. R.RS.
thanks Institut Frangais pour la Redherche et a Technologie
Polaires for Calypso coring through Eurcpean Undon grant
HPREF2001-00120, 5.W. has been funded by the Deutsche
Farschungsgemeinschall (postdoctoral Fellowship grant WE
268672-1) and LWL by NSF (gramts OCEO317611 and
DCEOSO2605,

Supporting Online Material
waw_sciencemag.orpgicortentfull3 165829 130001
Materials and Methods

Figs. 51 1o 56

Tabdes 51 and 52

References

26 January 2007: accepted 12 Apeil 2007
10,1126 sclence. 1140441

Legumes Symbioses: Absence of Nod
Genes in Photosynthetic Bradyrhizobia

Eric Giraud,™t Lionel Moulin,* David Vallenet,? Valérie Barbe,? Eddie Cytryn,?
Jean-Christophe Avarre,” Marianne Jaubert,” Damien Simon,® Fabienne Cartieaux,” Yves Prin,?
Gilles Bena,” Laure Hannibal,” Joel Fardoux,” Mila Kojadinovic,® Laurie Vuillet, Aurélie Lajus,”
stéphane Cruveiller,” Zoe Rouy,” Sophie Mangenot,® Béatrice Segurens,® Carole Dossat,?
William L. Franck,® Woo-5uk Chang,® Elizabeth Saunders,” David Bruce,” Paul Richardson,®
Philippe Normand,” Bernard Dreyfus,® David Pignol,® Gary Stacey,” David Emerich,®

André Verméglio,® Claudine Médigue,® Michael Sadowsky*t

Leguminous plants {such as peas and soybeans) and rhizobial soil bacteria are symbiotic
partners that communicate through molecular signaling pathways, resulting in the formation

of nodules on legume roots and occasionally stems that howse nitrogen-fixing bacteria. Nodule
formation has been assumed to be exclusively initiated by the binding of bacterial, host-specific
lipochito-oligesaccharidic Nod factors, encoded by the noddBC genes, to kinase-like receptors of
the plant. Here we show by complete genome sequencing of two symbiotic, photosynthetic,
Bradyrhizobivm strains, BTAIL and OR5278, that canonical noddBC genes and typical lipochito-
oligosaccharidic Nod factors are not required for symbiosis in some legumes. Mutational analyses
indicated that these unigue rhizobia use an alternative pathway to initiate symbioses, where a
purine derivative may play a key role in triggering nodule formation.

coume plants have developod  symbiotic
associations with specific sol haclenu, col-
lectively mefermed o as the rhizobia, which

allow plants o thave and reproduce ine nitrogen-
poor environments, These plant-bacterial symbi-

olic associations tvpically result in the fommation
of ot organs, emmed nodules, inowhich the
bactena differentinte imo nitrogen-lixing bacte-
rokds. Initiation of nodule development involves
melecular recognition between both symbiotic
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parners (-4 Flavonoid molecules exuded by
plant roots induce expression of bacterial nodu-
lation (mod) genes leading 1o the synthesis of
Nod factors, thieobial lipochito-ohiposaccharide
sigmal molecules, Symbesis of the Nod-factor
chitin oligomer backbone reguires the activity of
three specilic creymes, encoded by the mod ABC
penes, which are present in all rhiasbin charae-
tered thus far Nod fctor signol molecules are
recopnized by plant Kinases of the LysM-RLEKs
family, which, in wm, intete a developrmental
progrm in the legume host resulting in the for-
mation of the nodule structure. The ubiquitous
presence of wed penes and Nod factors inall
rhizobia led w0 the development of a universal
“lock-and-key™ hypothesis (5, 63, which states
that all symbiotic legumes and thizobia have
host nodulation determinants and homologs of
the known nodulation gencs, respectively.

The rhizobia belong 1o the alpha and beta
subclasses of the Proteobactena (71, and most
specics belong 1o the genem Mlizohinm, Srody-
rhizotitm, Mesorfiizobivm, Sieorfrizobivm, and
Azewhizobisn, Among them, some photosyne
thetic Brachvfiizabium sp. strmins specifically
induce nodules on both the oot and siem of the
aquanie legume descmmomene (8) According
to their host specificny within different species
o dexelnramene, two groups of photosynthet-
ic Bradvehizebivm have been descrnbed (8):
Ciroup 1 strins contain the commen noduliteon
genes podABC and Torm nodules on all stem-
nodulating desclvnomene species (9), whereas
nodulation ability i group 11 strains is restricted
to a few specics, including A. sensitiva and
A. fndica. The ped genes have not been detected
in growp 11 strins,
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To unravel the genctic fesmuncs comnbuting o
the symbiotic propenics of the stem-nodulating
Bruhehizofium, we determined the compleie pe-
nomic sequences of two group 11 photosynthetic
Aradvehizobimm strans, BTAIL and ORS27R
(1), We abso pertormed a genome-wide sereen
for mutants unable to induce rodules on desein-
FICHIRETIE T'P]n'lll‘h.

General genome features. The photo-
synthatic Brachrfizobion strains ORS2TE and
BTAIl were molated from stem nodules of two
Aschvienmene species, A, sensiive and A, findice,
in Adiica and Morth Amenca, respectively. The
ORS278 and BTAI strains were sequenced by
Genoscope (France) and the UL 5. Depanment of
Energy (DOE) Joint Genome Instiute (USA),
respectively (sce SOM). Manual annotation ol
hoth genomes was conducted using MaCGe
compartive penomic software (1),

The ORS2TR penome consists of a single,
circular, chromosome of 7,456,587 base pairs
(bpy; the BTAI genome contains both a large
chromosome of $204,689 bp and a single, circu-
lar, 228 826-bp plasmid, pBTAILL Chromosomes
froan ORS278 and BTAG are almost idemtical in
GO ocontent, 63,5 and 649 respoctively. In
contrast, the GO content of plasmd pBTAIl &
a0, 7%, The genomes of ORS2TR and BTAG
contain 6752 and 7729 predicted coding se-
quences (CDSs), respectively, of which 59 and
G 1% could be assigned putative  [unctions
{ Takle 1),

Comparative genomic analyses. BLAST
mnalyscs indicate that the genomes of BTAI
and ORS278 share more genes with £
Firparricen (4002 than with their closest photo-
syilietic neighbor, Rlideperdeomonas pofistiis
{25303} 12). This agrees with phylogenies created
using 165 nbosomal RNA sequences (13). A
eross-comparizon of the two photesynthetic
Bradyvrhizobinm genomes identified a common
poolof 1343 genes, wheneas 1274 and 2133 genes
wore unigue o ORS2TE and BTALL respectively.
Most of the 1343 genes in common wene homio-
pencously distributed on the genomes (Fig. 1),

cxoept for genes mvolved in photosynthesis,
which were clustered in a 30-kb region. This
region, desipnated the photosvnthesis pene
cluster (PGCYL 15 common in pumple photosyn-
thetie hacterin, The organization of the PGC =
iddentical in the BTAI and ORS2TH stains and is
highly conserved with the PGC in £ prafesirds. In
addition, the GHC content (67%) of the Bruch-
rinzebigm PGCs s samilar w0 the et ol the
genomes, Hradhrlizolien sirains BTAIL and
ORS2TH also have addional genes speaialieed
in light pereeption and response, including three
putative bacteriophytochromes (biliprotein pho=
loreceptors) and two AaBC circadian clock
operons. Taken together, these data strengthen
previows by potheses that photosynthetic capac-
ity is an ancestral wrait in these Bradvelizobinm
strains that was subscquently  lost in most
rhizobial lincages (14).

The larze varation in genome siges (L6 Mb
between ORS2TE and £ fapesmicnm, and | Mb
between ORS2TS and BTAIL, the overall low
level of synteny (Fig. 2 and fig. 51 and the
presence of numerous mobile genciic ele-
ments indicate that bradyrhizobial penomes
arc highly plastic. Indeed. the penomes of
ORS27H and BTAl contan 21 and 29 puta-
tive horizonally acquired  genomic islands
(HAls), respectively, displaving hallmarks of
recent gene ransfer events (Fig, 1 and bles
51 and 52), HAIs may confer functuonal ad-
vantages in the adaptation of these bacteria
to their svmbiotic or frec-living ecologzical
miches. Genes encode for important metabolic
functions on HAls, in both strains, including
the following: (i) a nbulose 1.5-bisphosphate
carboxylase (RuBisCok (i) cnevmes involved
in mitrogen metabolism, including urease: (in)
Ipopolvsacchande (LPSmodification en-
gymes; (v} a type 11 seenction system; (vh @
chemaiaxis operon: and (vi) a mulidreg cllux
pump. In addition. the BTAIl genome comtains
a specialized FAL that s made up ol all the
genes necessary Tor C05 Tcation, along with a
hydrogenase gene cluster. Remarkably, this

Table 1. General features of Bradyrhizobivm genemes. The distribution of CDSs for B. faponicum is
derived from the original annotation (19). 15, insertion sequence,

Bradyrhizobium sp. B. japonicum
SR ORs278 BTAIL USDA 110
Genome size {bp) 7,456,587 8493515 9,105,828
G+C content (%) 65.5 64.9 64.1
Ribosomal BNA& operons 2 2 1
Transier RNAs 50 52 50
Total protein-coding genes 6,752 7729 8,317
Assigned function (%) 59 60.1 52.3
Conserved hypothetical (%) 2.7 il8 01
Hypothetical (%) 13.3 8.1 17.6
Coding DNA (%) 90.5 91.0 91.3
Plasmid ne. (size in bp 1] 1(228,826) o
15 elements (%) 0.5 1.4 2
Pseudogenes (%) 0.3 0.6 ]

WWW.SCIencemag.org




RESEARCH ARTICLES I

Fig. 1. Circular representation of the Bradyrhizobium strains ORS278 and
BTAil chromosomes. Circles, from the inside out, show (1) GC skew (G+C/
G—C using a 1-kb sliding window), (2) I5 elements and transposases, (3)
the coordimates in Mb beginning at 0 = orC, and (4} GC deviation (mean
GC content in & 1-kb window—overall mean GC). Regions with a GC
deviation less than two times the standard deviation are highlighted in
red. Circles 5 and 6 show the gene content comparison between the
QRS278, BTAIL and B, japonicum USDALLO genomes by using a similarity

Fig. 2. Synteny plot
between the three Brady-
rhizobial chromosomes.
This line plot (27} was
obtained by using synteny
results between Brody-
rhizobium sp. BTAIL and
Brodkrhizolxium sp. ORS2TE,
as well as results obtained
from comparison of Brody-
rhizotium sp. ORS278 and
USDAL1D. Syrteny groups
containing a minimum of
five homologous genes are
drawm in green for colinear
regions, and in red for
imerted regions,

I 1 ’

| kG i

i sl ﬂ

Bradyrhizobium sp.
.'I: i - 3.;"1!': [

g

Bradyrhizobium japomicum USDA110 - 8.1 Mb

threshold of 40% identity and a ratio of 0.8 of the length of the smallest
protein: blue, backbone genes found in all three strains; red, genes
present in ORS278 and BTAIl, but absent from USDAL1D: cyan in
(ORS278) show genes present in ORS278 and USDAT10, but not in BTATL,
and in (BTAIL), genes present in BTAIL and USDALL0, but not in ORS278;
green, genes specific to each strain. The different genomic islands
identified in both chromosomes are highlighted by number. See tables 51
and 52.

region wis scquired by lateral transfior, This is in
contrast to all thizobial zenomes characierized
o date (/3-21), which have nodulation and
nitrogen fixaton genes clustered cither on plas-
mids or in large chromosomal symbiotic is-
ks, for example, as observed n 8. fapomicam
USDALIO (see fig. 52).

Lack of canomical nodulation genes.
BLAST analvses indicate that neither the BTAG

NodA (acyl ransferase) or NodC (oligomeriza-
tion of NV-peetyl-glucosamine), two of the three
anavmes cssential for the svnthesis of lipochito-
ofigossechandic Mod factors in fhizobia Althowgh
a homologous gene in both steains displayed o
moderate level of amine acid wdentity (33 1o
36%) 1 NodB from fRbhzobien galeeae, this
homology was Bimited only w the polysaccha-
ride deacetylise domain of NodB (Table 23, a
miif found i other eneymes, incleding chitin
deacatvlases and endoxylansses. The bow iden-
tity that these CDSs have 1o NodB and the ab-
senoe of el and nedt” pene homologs indicate
that the cononical ped ABC genes are absent in

nor the ORS2TH penome contain homologs of

stmin harbors three RuBisCOs, which assimi-
late COs, and three uptake hydrogenase com-
plexes, one of which is plsmid-bome; the other
two are moan HAL and close o the PG, The
presence of these clements suggests thal these
hacterin have an exceptional ability 10 fix 005
partly due to reducing power furnished by the
phowsynthetic activity and panly by the uptabe

wwwesciencemag.org  SCIENCE  VOL 316

lydrogenise cnevines, which potentially  scav-
enge hydrogen produced duning nitrogen fixation.

No symbiotic genes (uad, mif, or fixh were
found on islands in the chromosomes of QRS2 7
and BTAl or on plazanid pBTAIl (lables 51
and 521 Albough the wif and fiv genes are
clustened in a 43-kb region of the BTAIl and
ORS27H genomes, there is no evidence that this

bl the BTALL and ORS2TH genomes. CSs
displaying some similarity to other Nod pro=
teins are present in the genomes of both BTAIL
and ORS2TRE (Table 23 however, these homo-
bogs are well conserved in other nonsymbiotic
prokaryostes,

Consistent with genomic information  re-
veled by our analyvses, two other observations
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suppon our statement that ORS27E and BTAIL
are unique ameng tizobia. First, infection of
A. sensitfva by ORS2TE (lig. S3) revealed ihe
absence of Nod factor- mediated root-hair de-
fomuton that classically precedes the entry ol
rhizobia into legumes. Despite this, the nodules
induced by ORS2TE (/4) on the stems and
roots o desehvmomene displayed the function-
al charnctenistics ol clssical nodules induced
by other rhizobia, such as the synthesis of leg-
hemogzlobin, nitrogenase activity, and trans fer
of fixed Na into the plant. Sccond, the produc-
tion of classical Nod Goor-like compounds by
strain ORS278 could not be shown when
penistein was used as o eod-pene inducer and
with a Mod Betor solation method  currently
shown o work with brdyrhizobia (22, 250, Tn
show more delimitively that classical Nod
factors are oot involved in the A semsitha
symbaosis, we examimed the nodulation pheno-
type of 3 ped mutant of the broader host-mnge
Brachrhizohivm sp. stmin ORS2E5 (group (),
This strain nodulaes both A, sensigvae and A,
afraspera, whercas the ORS2TE and BTAIGL
strains do not nodulate A afraspera. As shown
in Fig. 3, this muan f@iled w ndoce roo and
stem nodules on A afrespera, although
muniined s ability o form nigogen-fixing
nisdules on mas and stems of A sensiig with
an efficiency similar 1o tha of the wild-tvpe
simun, These observatons and  results demon-
sirate that the canomical common  rodulaton
genes and, thus, tvpical lipochito-aligosacchandic
MNod factors are not required for the svmbiotic
interaction of the photosynthetic bradyrizobia
with A sensithva,

The absence of moddBC genes in Brodvrlis-
zobinm sirains ORS2TE and BTAIGl mises the
question of the nature of the bacterial signal
used 10 induce podule formation on A, fmdica
and A sensitivie plants, Analysis of the ORS278
and BTAIL penomes revealed several other genes

Table 2. Coding sequences in the ORS278 and BTAIL genomes showing
similarities with known nodulation (Nod) proteins. Absent refers to no hits
with =30% amino acid identity using the BLASTP algerithm. Brado and BETa
refer to Bradyrhizobfum sp. strains OR5278 and BTAi1, respectively, CD5 with

imvalved in plant-microbe symbiotic and patho-
genic imeractions (able 531 These include
zenes involved in the following: (i) synthesis or
degradation of plivichomones (24, (1) modifi-
cation of Clamigen (or LPS) (25, 26), and (i)
biosynthests of exopolysacchardes (5, 27h Never-
theless, the symbiotic e of these candidate
genes remams highly speculative, and we cannot
rule out the possibality that the mechanism of n-
wermction involves genes of unkmiwn fanction,

Modulation defective mutants, In order w
identifv new genes involved in the interaction
between the group I photosynthetic brady-
rhizobin and A. sensitfva and A, frcdica plams,
a library of ORS2ITE wansposon (Tnd) mutams
wis seicened for stsins unable o indoce nodiile
Formation on A, sensitie, OF the 9500 putants
tested, 27 wene found to be severcly defective in
symbiosis, most chatng only a few peeadonod-
ules on 4 small number of meh. {Table 3} Soime
Mants displved an apparat nodulknion-minus
phenotype, and microscopic examination ofien
revealed a small mumber of pseudonodules. Mo
completely nodulation-deficient mutant could
e found: we tentatively attribute this phenotype
o one of more factors: (1) there are redundant
genes contmling thes mital step in the svmbi-
olic process: (11 the appropriate muiation may
be fatal in this bacterium; or (i) the mutagen-
cais procedune used was not saturating, and an
essential gene may have been missed.

The site of Tnd insertion n cach of the 27
symbiosis-deficient mutants wias  determined,
and none were foumd 10 bave @ mutation m o
CDS that could mimic the action of the NodABC
proteins. Four classes of mutants were distin-
guished. Class | comprised 1 independent ami-
no okl requiring (AN auxetrophic mutants,
Mumenws AA auxotrophs of dhisobia were
found to be defective in symbicsis (2537, and
generally, these have symbiotic capacity rescued
with the addition of the missing amino acid(s).

Brodyrhizobium sp. strains

This suegests that the absence of syvmbiosis
stems from a growth deficiency, rather than an
alieration in the infection process (30 22). The
single clss [ mutant had an insertion in ginf, a
uridylimnsfemse/undy remoy ing creome consti-
ting the sensory component of the nitrogen
regulation (nir) system, similar o a Shizofim
legnoninosarnm ginld) mutant impaired 0 ecll

L

ORS2T8 ORS5285  2BSanod

LI

Fig. 3. Efficiency of stem nodulation by Bradyrfi-
zobium sp. drains OR5278, ORS285, and the nod
gene deletion mutant ORS285AmedB {285 Anod) on
A afraspera (A) and A, sensitiva (B). The NI refers
to the noninoculated control. The ORS285Anod8
mutant was obtained by homologous recombina-
tion as described (14) after insertion of the lacd-
KanR cassette (pKOKS) in the unigue Xho | site of
nodB. Plants were inoculated and cultivated as
described (14).

best BLASTP hits. Percent amino acid similarity to named species of the
BLASTP hit. Acc no., GenBank accession numbers of the Nod protein. E value
ol the BLASTP hit. Abbreviations: R., Rhizobium sp.; M., Mesorhizobivm sp.;
R. leg., Rhizabium leguminosarum by, vicioe; and B., Bradyrhizobium sp.

e OR5278 BTAIl
protein

CDs Similarity (%) Acc. no. E value CDs Similarity (%) Acc no. E value
MadA Absent Absent
NodB Bradod564 33% to R. galegae P50354 et BBtad 792 36% to K. galegoe P50354 2670
ModC Absent Absent
NodD Brada3695 39% to R. 053061 167 BBta1932 38% to . 053061 1674
NadE Absent BBta00&S 31% to R. leg. POAGEA 1™
NadG Brada3311 B6EYs to M. p72332 4788 BBta3s1a 65% to M. pr2332 27
Nodl Brado0517 39% to R. tropfci 093300 50~ BBta7658 39% to R tropici 0933C0 ge
Mod] Absent Ahsent
NodL Brade2093 42% to R. leg. POBA3Z ™ Absent
Nadh Brada3763 78% to B. Q94010 167277 BBtad 166 76% to B, 094010 1g0e?
NadP Brada5142 75%0 to B. elkanii BABS5898 167 BBta0328 73% to R, PT2338 20713
NodQ Brada5193 66% to B. elkanii BABS5699 5e~i36 BBta0327 55% to K. 007309 267195
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viahility (35). Similarly, class [ contained a
simgle mutamt with an inscrion in a key cmzyme

{Pyif, orotidine 3'-phosphate decarboxylase) of

the pyvrimidine bicsvnthesis pathway.

In comtrast, class IV contaned 14 mutanms
thit were alfected in the bosymihesis of purines,
The mutated gencs (10§ were scattered through-
out the ORS2TE genome, which indicaed tha
there was no Tnd megraton hotspot and  than
purines play a pivotal role n the symbiotic pro-
coss, Svmbiotically defective punne ausodrophs
of several Rhizahin specics have boen previous-
Iy reported (34360, The imnguing finding tha
purine intenmodiates, such as S-aminoimidazole-
Scarbosxamide  rboside (AICAR)Y rmuber
punne isell, can partially  restore podulation
deficiency in purine mutamts of Bhizofien fegn-
mimesartin or K, oifi sugecsted that o punne pre-
cursor might act as a signal molecule during
mmfection (33, 37,

To further examme this, a ORS2TS el
mutant, which only produced a fow pscudonod-
ules, was evaluated for it ability to nommally
nodulaie A semsithva in the presence of the pu-
rine biosynthesis precursors  AICAR. inosine
monophosphate (IMP), and adenosine mono-

than

phosphate (AMPY (g, 541 In the absence of

precursors, the mutant bactierium prolifermied on
the roof surfaee, which indicated that the host

plant can supply the required mutrient(=) for mu-
tamt growth. In addition, although eviwlogscal
analvsis showed that pscudonodules eliciied by
the pracl. mutant contained bundles of infection
threads progressmg mtercellularly around  the
meristematic zone, the bacteria were not re-
leased o menstematic cells. In contrast, the
symbiic ability of the mutints was partially
restored when the plamt culture medium was
sipplemented with AICAR, IMF, or AMP at 0.5
mM. Treatment of plants with these compounds
allvwed the mutant to proliferate in meristematic
cells, and plants had normal size nodules.
Similar observations were obtained using
! and g8 mutants, except that the partal
reacue of the prefl mutant was observed only in
the: presence of IMP and AMP, amd the nodu-
lation phenotvpe of the el mutant was only
rescued in the presence off AMP. Taken wecther,
these data suggest that a panne denvative, which
may be o cviokinin-like molecule, plivs a key
rode in the fommation of nodules on A, sensitiva,
and presumably A, fivedica, by the photosynthetic
bradyrhizobia. This hyvpoihesis s consistent with
previous observations that (i) severl Brodvrfi-
zobimn strins were shown o produce eylokinin
compounds (3%, 395 (1) a Nod actor deficient
Sinerhizebitm simin carying a constitutive irns-
Aein secretion (25 gene mvolved in ovtokinin

Table 3. Brodyhizobfum sp. strain ORS278 mutants affected in symbiosis with Aeschymomene
sensitiva. Minitransposon mTnS-GNm (43}, containing a gusA reporter gene and the aptll gene encoding
negmycin resistance, was used for the construction of the insertion mutants. After mutagenesis, the
mutants were selected on YM-modified rich medium (14) containing kanamydn (50 pug/ml) and nalidixc
acid (35 pg/mll. Each of the 9500 mutants was initially individually tested on one A sensitiva plant,
Mutants having an alteration in their nodulation efficiency were retested using three plants per mutant,
and subsequently tested again in a third analysis with six additional plants. The localization of the site of
TnS insertion in symbiotically defident mutants. was ascertained a5 previously describe (44). Mutant
number describes the number of independent mutants identified in the comesponding CD5. Phenotype
shows the number of plants not nodulated (—); number of plants having pseudonodules (PN); and

number of plants having classical nodules (+).
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production induced nodule-like  stnectures on
alfalfa plams (40 and (i) a plan eviokinin-
recepior wias shown to play o kev mle n the
activation of nodule organogencsis in Lofns
japerricnes (41, 4210 We were unable w identify
a homolog o the &5 gene in the ORS2TE or
BTAIl genomes: this sugpesis that these two
strins may wse a different patway for eviokinm
production, This s lkely the case, as 8. fopontcrm
USDATIN, which produces eytokimin molecu les
144, also Jacks a fzv homolog,

Or data show that nodulation of some leg-
umes vy rhizobia occurs in the absence of the
e ABC penes and  lipochito-oligosacchanidic
Nod fctors, which indicates that other h'i‘l::jiiljilig
stmtegis G ingeer nodule onsmogencsis m
some legumes, The wodd BC penes have been
wentificd i all the thizobia thus far chamc-
teraed, consisting of hundreds of symbiotically
distimet strns solaed worddwide. This mdicites
that the: nodulation of lepumes i the absence of
comomical med genes s likely an unusual phe-
nomenen. However, such a discovery s highly
significant and mises several inleresting ques-
tions: [s the first recognition step initiated by
Nod factor simply bypassed in some legume
plants, especially those allowing micction via
cack entry? What s the signal moleculeis)
directly triggering nodule organogenesis in
Aeschyeewmene? s there any relation between
the mobeculor mechomsm used by photosyn-
thetie bradyrhizobia and other svmbiotie orga-
niss, such as Franbio which mduces rodulation
on nonleguminous plants” Our discovery should
stimulate research on plant-bactena interctions
by providing insight imo the diversity and
evolution of svmbiotic grategics usad by both
partners.
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Quantum Register Based on
Individual Electronic and Nuclear
Spin Qubits in Diamond

M. V. Gurudev Dutt,™ L, Childress,™ L Jiang," E. Togan, ). Maze," F. Jelezko,” A, 5. Zibrov,’

P. R. Hemmer,® M. D. Lukint

The key challenge in experimental quantum information science is to identify isolated quantum
mechanical systems with long coherence times that can be manipulated and coupled together in a
scalable fashion. We describe the coherent manipulation of an individual electron spin and nearby
individual nuclear spins to create a controllable quantum register, Using optical and microwave
radiation to control an electron spin associated with the nitrogen vacancy (NV) color center in
diamond, we demonstrated robust initialization of electron and nuclear spin quantum bits (qubits)
and transfer of arbitrary quantum states between them at room temperature. Moreover, nuclear
spin qubits could be well isolated from the electron spim, even during optical polarization and
measurement of the electronic state. Finally, coherent interactions between individual nuclear spin
qubits were observed and their excellent coherence properties were demonstrated. These registers
can be used as a basis for scalable, optically coupled guantum information systems.

uantum registers are controllable guan-
tum systems composed of several qubits,
They form fundamental building blocks
for quamum information science and can be
connected into wselul communication  and
computimion systems, for example, via guantum
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opical chanmels (/%) A useful rezister must
support high-fidelity local opemtions between is
qubits as well as permit excellent solation of the
qubits from each other and from he extemal
environment. Over the past [ew years, quaniuim
registers consisting of a few interacting trapped
ions with exceptional coherence propenics have
becn implemented experimentally (ff, 11), and
the fist seps toward optical  interconnections
have been wken (12, £3) We repon on the
realizntion of @ quantum megister inoa room-
tempermture solid by means of controlled
manipulation of individual ¢lecron and nuclear
SIS,

Owr approach miskes use of coherent manip-
ulation of the chectron spin associated with indi-
vidual nitrogen vacaney (NY) centers in diamond
{118y, The NV center has a bong-lived spin
triplet in its electronic ground state (14) that can
be immialiaed, manipulated, and measured wsing
microwave and optical excitation (Fig. 1A (/3).
In purc samples, the clectron spin acts s a
sensitive maanetic probe of the local environ-
ment. The electron spin dynamics i movemed by
mieractions with spin-4: B nucla {present m
1.1 natwral abundance) in the dismond latice
iFig. 1B). Although such a nuclear spin
environment normally  causes dephasing of
clectron spin qubits (79 20y, we show that if
propetly controlled it also provides a very usefil
resource, Certain proximal nuclei, by virtue of
their stronger hvperfine interaction and enhanced
magnetic moment, can be distinguished from
each other and from the rest of the environment
1243, allowing us o isdividually address single
nuclear spms and 0 use the resulting electron-
nuclear coupled systems as w-qubit registers,

Although nuclear spins are well known for
their long coherence tmes (22), conventional
techniques for probing them requine the use of
macroscopic spin ensembles to odain measur-
able signals (23, 249 Cobenent oscillations of a
simgle nuclear spin were observed in {25), using o
thermal state of & "C nuelear spin that was
inextricably coupled by swrong contact interac-
tions with the nearest-neighbor N electron span.
In comrast, we demonstrate o high degree of
podarnention feomesponding 1o an elfective spn
termpenaune bebow | pk) and commol over an
molktod nuclear spin that is coupled nonlocally o
the clectron spin. This results in coherence times
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that ane a1 keast three onders of magnitade bonger,
and allows i|1deemlf:r11 contrel over the clectron
and nuclear spin qubits, which is essential for
scalable applications.

Individual nuclear spins i the damond Jat-
tice can be manipulated by combining control

Fig. 1. Isolating, addressing,

and reading out single electron A
and nuclear spins in the regis-

ter. (A) Level diagram for the tPD}
coupled spin system formed by |
the NV electron spin and a \
nearby *3C nuclear spin. Optical
transitions of the NV center are
used to polarize and measure
the electron spin state of the NV,
(B) Ilustration of the **c
enviranment near the NV center
that is used to create the
register. (C} A single electron
spin transition |00 to 11 is ad-
dresed with resonant microwaves
(MW), and hyperfine structure
associated with the 13C spin
states |17, |4} can be resolved
within this transition. {D) Exper-
imental pulse sequence. As
described in the text, we create
and measure the nuclear spin
polarization in |1 via the elec-
tron spin. (E} Nuclear free pre-
cession in a ~20-G magnetic
field. Top right inset: By in-
creasing the number of polariza-
tion steps, a higher contrast for
the nudear free precession sig-

e

over an MY clectronic spin with a coherent map-
ping between clectron and nuclear spin states,
Consider a system involving an NV electron spin
interacting with a single proximal '*C nuclear
spin{Fig. 1C) When the electron 15 i the s, =0
state, the hyperfine imteraction vanishes. When

REPORTS I

the eleciron is i the me = 1 state, the hyperfine
imeraction inroduces a splining oy between the
nuclear spin states |1, [) (1, TH: henee, we can
sebectively Mip the electron spin state conditional
o the nuelear spin. [Dwe apply a weak magnetic
ficld pempendicular w the nuclear spin quantiza-

o 1 EE 0
e z
1 :
| }_' it} %."s' 3
1] 284
MW ga "
L
o) g 8
B = 28
D
A é
Microwaves : i
} -'I'—:I'FL—-h- i
linitializel : ([ ¢ detect
saanm ........................
,1:'?5_-— — _i
ar
i L ]
E.m J “\ & et TR
A\/é \ / i T 39 T
j Prodsiontion niacs
go w
3 04 "
B.mﬁms M Y
8 10 ?_,'n,: A g2 e
Fla-a precassion interval (us) nwwﬂ;uﬁ?n

nal is obtained. Four polarization steps were used for the data shown. Bottom right inset: Observed Larmor frequency as a function of magnetic field,
approximately oriented along £ — (2/4), where £ is the NV axis.

Fig. 2. Storage A
and retrioval of elac- NI T LS,
tron spin coherence i
in a single nuclear
spin. (A} Experi- i

mental sequence.
A single nuclear
spin is prepared in
the state | L), after
which an electron 8
spin state is created

by appropriate mi-
crowave pulses R, (6,
where © is the ro-
tation angle and & =
(0, =/2) is the phase
of the qubit ratation
relative to the stor-

&
]

[=]

Eleciron spin popalalion {p)
=

age step, The elec-
tron spin slate is
then mapped onto
the nuclear spin

o L1 L% ]

and is mapped back after an interval (2N + 1r,. The resulting electron
spin state is read out by driving electron spin nutations with 8.(6,),
where @ is varied. {B and €} Observed electron spin nutations after
storage of different electron spin states. X storage refers to storage of the
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LA ] o (B 3
Readout microwave duration (ps)

measurement,

& 006 b1 G 63 0% o4
Readout microwave duration (pus)

¥ storage

& o 08 a1 ol 0.2 -} ] @3
Readout microwave duration (us)

electron spin state (1210100 = 11)), ¥ storage is (1), 2HI0) = il1)}, and
Z storage measures the population storage, {107, 11/}, The total time is
3m ~ 2.4 ps = Ty, between creation of the electron spin state and
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tion axis, the nuclear spin precesses at the Larmor
{requeney oy, when the electron spin is in the m, =
0 state. When the clectron spin s in m, = 1. the
large hyperline splitting ey prevents Lanmor pre-
cession. By selectvely driving a mopulse on one
hyperfine trnsition 0, [} «= |1, |3 and then
wailing for a time = ®/uy, (denotod as = b we
can map a nuclear spin superposition ontoe the
Clectron spin, (00 @ (all) ¢ BT = |1} @ (ol
REG (Fag 113 This mapping gate (M) allows
complete contral over the speafic, imdividuoal
nuchear spins becanse of their unique hvperfine
splitting amnd Larmor frequencics.

The present experiments were camed out
with the use of a sep described in (20), The
nuclear spin s polaneed by st prepanng the
electron spin state (1) by means ol opical pump-
ing with 332-nm light i /5, /6), mapping the
initial incoberent mixture of nuclear spin states
omto the electron span, and then applyving a pulse
of 532-nm light sufficient 1o repolarize the
electron spin into (0. ldeally, this pumping step
results in the svatem being prepared in the state
0, ). In practice it can be repeated several fimes
to funther increase nuclear spin polarization. After
a vanable precession time, the nuclear spin state
can be measured by mapping it onto the clectron
spin, which exlnbits state-selective Muorescence,
The observed contrst of C -~ 7% achievable
with four pumping steps (Fig. 1E) indicates tha
we prepare and read out the nuclear spin stote
with an overll fideliny &= (1 + C)y2 07 1) grewer
than 85% {J6), The enhancemem of the gyvro-
magnetic mtio (y,2r) = 152 kHa'G over the
bare " nuclear spin arises from interactions
with the proximal electron spin, vielding a unique
“chemical shilt”™ (23) forthe specilic nuelear spin,
depending on its relative position Irom the NV
center (20) This is the key physical mechanism
allowing for solation of individual nuelear spin
qubits and comtrol of few-gqubat regesters,

Having established a pmocedure o reliably
initialiee and read out imdividual nuclear spins in
the electron environment, we camied out a non-
trivial quantum operation with the two-gubit eg-
ister: storage and retrieval of an arbitrary cloctronic

Fig. 3. Probing the isolation of a nuclear spin
quhit under optical illumination. (A) Experimental
sequence as explained in text. (B) Decay of
lluminated nuclear spin free precession. When
illuminated by approximately half the saturation
intensity at 532 nm for the NV aptical transition,
the nuclear spin signal decays on a time scale of
1.5 0.1 ps. For comparison, the polarization rate
for the electron spin (under the same conditions)
is 140 £ & ns, shown by the dashed lines, (C)
IHuminated decay rate as a function of magnetic
field. The decay rate dees not depend strongly on
whether we apply green light when the nuclear
spin is in its polarized state | 1} (red points) or
in a superposition state (14,2001 1) + [ 1 )} {blue
points), a5 illustrated in the inset, The data are
fitted to the function (o + bey ).

qubit in @ nuckear qubit with high fidelite, This
operation is panticularly imponant in lizht of pro-
posed protocols Br quantum infonmation processing
(-0 The experimental procedure i illusteted o
Fig. 2A. After polarang the nuclear spin, we
created an clectron spin state i onc of three bases:
L = (/2000 = |15) ¥y = (LA2M0) = A1),
£y POy, (13t E. The electron spin was then
stored b nucler spin via the mvense mapping
ate (Mo "), whene it was allowed to remain for
a tme (28 + Ding before retneval via the gate
Mg, We then observed the retrieved coherence
(for X or ¥ storage) or population ( for £ storage)
by driving electron spin nuiations and reconding
their contrmst relative 1o notations of a fully
povlarized ebectron span. The ovenall hdehity of the
memony s F = (1 + {002, where (C) & the
average contrast for the six measurements; we
find F 1.3% (24), which excosds the
classical limit { 27y ol F, = 4,

Tov imvestigate the degree ol independent con-
trol owver the two coupled qubits, we studicd the
nuelear spin evolution under the optical exeita-
thon wsed to polarize and measure the electron
spin qubit (Fig. 3). We prepared a nuclear spin
state (|13 + |1} V2 or 1y by initializing into |])
and allowing the spin 1o precess for either o 2 or
. A pulse of 5332-nm hight was then apphed,
which could dephase or depolarize the nuclear
spin state, resulting moreduced contrast of the
nuclear free precession signal (Fig 3A). As we
nereased the duration of the 532-nm hzht pulse,
we Fisumd that the nuclear spin precession signal
decayved much more slowly than did the clectron
apin. In particular, hardly any nuclear spin de-
phasing was visible for light pulses of - 140 ns
{dashed line in Fig. 3B) sufficient 1o completely
polariee the electron spin. Furthenmore, the il-
luminated nuclkear spin decay depemded on the
magnetic Teld (Fig, 3Ch Whereas a few
scattered photons completely  decohered the
electron spin, at bow magnetic Gelds the nuclear
precession was unaftfected by a lage number
(107} of seattered optical photons, This
insensitvity is critical for optical scaling (7, ¥
hecause many oplical eveles may be required 1o

v

calablish entanglememt between the negisters
(12, 13

The dephasing under optical illuminstion
shown in Fig. 3 can be qualitatively understood
s ansing roen differemt nuclear Lanmor preces-
sion mates in the ground ad optically excited
clectronic states. The nuclear gyromagnetic ratio
i strongly enhanced by hyperline interactions
with the clectron spin, which depends on the
electron spatial distnbution (2/), Excited electon
orbital states can thes lead 1o different nuclear
pvromagnetic ratios, Under optical illumination,
the svstemn makes ransitions between orbital
states with different nuclear spin procession rabes.
Tov estimiate the resuling nuclear spin dephasing,
we suppose that optical excitation nduces transi-
tions ot a e |, much Ffaser than the difference
of the state-dependent nuclear spin precession
frequencies S, Aller cach transition, the nuclear
spin picks up a amall rndom phase ¢ ~ G,

Gariations in this random phase give mse o de-
phasing at a rate ~ 'y, much smaller than the
iluminated clectron spin dephasing rate ~ 1/t
Because S is proportional 1o the magnetic ficld
for states with g, = 0, it may be possible o
almost completely decouple electron and nuclear
spins by swiching the magnene Geld 10 wem
during free evolution,

Finully, we explored the coherence propentics
of the nuclear spin quanium memory, In contrst
e the electron span, whch dephases on o tme
scabe T5.% — | ps for this NV center, the nuclear
spin free precession signal persisted out o =05 ms
(T3,*® = 495 = 30 ps in Fig. 4A) Chamcienstic
collapses and revivals in the dma comespond 1o
coherem interactions between individual nuclear
spins. The nuclear spins can be decoupled using o
FHahn echo (or spin-echo) sequence (23), which
consists O (T2 h-T-Mg-THT 2y, whene (Rl rop-
resents a pulse that Mlips the nuclear spim, and
tand t ane dumations of free evolution (Fig. 40,
W accomplished the nuclear m-pulse by exciting
the syvstem o the my, = 1 manifold, where the
barge hvperfine splntng rapadly imtroduces a phasc
between the nuclar spin states. Viewed in the
orthogonal sy, = O cigenbasis, this constitutes the

A | :
E_{. P — P R Pit)
! Map |
| ]
I"I JI j HI H
H . r“: E /'"'I,II E B I
0.6 ! i.:L BT \\./\\_ :; \J’?\\\ '.‘
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population nutstions required 1o effect a m, pulse
{261 As shown in Fig. 4D, the spin echo sequence
extended the coberence time far bevond the values
obtaned from Inee evolution. Specitically, we
observed no evidence of echo decay on the time
scales accessible in our present cxpeniments,
limited by long averaging times, which sug-
pests that T3 of our nuclear spin qubit is well
above 200 ms,

These results can be understood by consid-
ering the interactions batween the observed "C
nuclear spin (1,3 with other "*C nuelear spins 1,
Let us first consider only one nearby spin I2: The
Hamiltonian in the secular approximation is
given by H = g fi - + o 2h + Bl Ja., where
urj_u ane the Lannor frequencies of the two spins,
and B s the effective dipole-dipolke coupling
between nuelel (260 As a resull of the differem
Lamior frequencies caused by the differem
iteractions with the NV clectonic spin, these
nuclear spins are ot involved m Mip-Nop
processes with cach other or with the rest of the
nuchear spin environment, Thus, the nuclear in-
teraction only resulis in energy shifts <[54 of 1
that depend on the state of L. leading 1o the

observed cohcrent modulation in the frec
precession (Fig, 4A) for |f2r - 7.2 kie
Inierctions with the next nearest spin Iy will
similarly result in free precession collapse (and
revaivaly on a longer wme scale, e, (fig. 51 Ths
theoretical model predicts that the nuclear
ineractions introduce only static encrzy shilis
that are casily refocused by the spin-ccho se-
quence. The resuliing nuclear spin coherence s
greatly enhanced relative 10 the electron spin
(24, consistent with the much weaker imerac-
tions of 1; with the sumounding env ironment,
Further conlimation of the theorctical model
comes from the observed dependence of the
coherent coupling (modulation) rote on the
orentaion ol the magnetie Geld (Figo 4B),
which illustrates the anisotropic charcter of the
clectron-medinted nuclear dipole-dipoke inter-
action (24),

These observations mdicate that controlled
manipulation of a few coupled nuclear spin
qubits s possible inoa room-temperature solid-
state svstem, with coherence times that can ap-
proech seconds when advanced nuclear magnetic
resonance techniques are used (23) In addition o

REPORTS

the dinect coupling between the nuchear spins dem-
onstrated here, the number ot distinet controllable
nuclear spins in the register can be nereased by
selocting NV contors with o few proximal C
spins (21, or by creating NV centers through
controlled implamation of § = %2 PN jons (24,
Such registers provide a staning point for a
realiztion of a quantum network mowhich qubits
can be encoded and manipulaed m nuclear spins
via magnetic resonance echnigues (2.3, whereas
bomg-range entanglement between electon spins
M arhitrry locations can be created optically
(-4 29 with techniques now explored for
atons and dons (12, 43, Recently, the radiatively
broadened lines and spin-dependent optical
trimsitions required  Tor realization of these
techpiques were demonstrated in diamond
30, 30, Fow-gqubi registers can provide power-
ful wols for scalable quantm information sys-
terms even mthe presence ol realisie nose and
bosses that affect the long-range entanglement
(A, 7, 9. Bevond specific applications in quantum
information science, our measurements show
that the electron span can be used as a sensitive
kecal magnetic probe that allows for a remark-

=

Fig. 4. Coherent dynamics of
coupled nuclear spin gubits. (A}
Long-time precession signal of a
single nuclear spin in @ magnetic
field of 11 G. The data were fit-
ted to the function a + b cos{oy T
cosifiv2) expl—{vTs,)?, where
iy~ 2ril72) kHz is the Larmor
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able degree of control over individual nuclear
spins.
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Functional Quantum Nodes for
Entanglement Distribution over
Scalabhle Quantum Networks

Chin-Wen Chou, Julien Laurat, Hui Deng, Kyung 500 Choi, Hugues de Riedmatten,*

Daniel Felinto, T H. Jeff Kimblet

We demonstrated entanglement distribution between two remote guantum nodes lecated 3 meters
apart. This distribution invelves the asynchronous preparation of two pairs of atomic memories
and the coherent mapping of stored atomic states inta light fields in an effective state of near-
maximum polarization entanglement, Entanglement is verified by way of the measured violation
of a Bell inequality, and it can be used for communication protocols such as quantum
cryptography. The demonstrated quantum nodes and channels can be vsed as segments of a
quantum repeater, providing an essential tool for robust long-distance quantum communication,

hution of cntanglement over quantum net-

works 1 a entical requirement for metmlogy
120, quantum compatation (3. ). and communic-
tion (4, 5L Quantum networks ane composed of
quantum nodes for processing and storing quarn-
e states, and quantim channels that link the
nodes, Substanizl advances have boem made wiilh
divierse systems toward the realization of such net-
works, meluding ions (5), singele mpped atoms i
free space (7, &) and m cavities (99, and atomic en-
semhles n the regime of contimuous vanables (/).

An approach of particular importance has
been the semimal work of Duan, Lukin, Cirae,
and Zoller (DLCZ) for the realization of quan-
tum networks based on entanglement between

Iu quanium information scienee (£), distre-
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single photons and collective excitations in
momic ensembles (£, Cntical expenmental
capabilities have been achicved, beginning with
the genermtion of nonclassical ficlds (/2, /5
with controlled wavelonms (F4) and extending
o the creation and retrieval of single collective
excitations (/34 7) with high etficicncy (18, 1Y)
Heralded entanglement with quantum memory,
wluch is the comerstone of networks with
efficient scaling, was achicved between two
ensembles (200, More recently, conditional con-
trol of the quantum states of a single ensemble
(2423 and ol two distamt ensembles (249 has
also been implemented; the quantum stafes ane
likewise requinsd for the scalability of quantum
networks based on probabilistic protocols,

Ohur goal is to develop the phvsical resources
that enable quantum repeaters (5), therely
allowing entanglement-based quantum commu-
nication tsks over quantum petworks on dis-
tance scales much lanzer than those sct by the
mtenuation length of optical fibers, including
quantum cryplography (23, For this purpose,
heralded number-state  entangbement (200 be-

WWW.SCIencemag.org

tween two remaode atomic ensembles s not di-
recily applicable. Instcad. DLCE proposed the
use of pairs of ensembles (U, al cach quan-
tum node 1, with the sats of ensembles (0G0,
separately Iimked m pamllel chams scross the
network | AL Relstive 1o the state of the arl m our
previeus work (20), the DLCZ protocol reguines
the capability for the independent control of pairs
of entangled ensembles between two nodes.

In our expenment, we created, addressed,
wndd comtrolled pairs ol atomic cnsembles at each
of two gqumtum nodes, thereby demonstrating
antanglement distribution in a form suitable
both for guantum network architeciures and for
entanglement-based  quantiim  communicition
schemes (26) Specifically, two pais of remote
ensembles at two nodes were cach prepared in
an entangled state (20), i a heralded and asyn-
chronous fashion {24, thanks 1o the conditional
control of the quantum memaorics. Afler a signal
mdicating that the two chains are prepared in the
desired stae. the states of the ensembles were
coherently  transfered (o propagating  helds
focallv at the two nodes. The fields were ar-
ranged such that they effectively contained two
photons, one at cach node, whose polarizations
were entangled. The entonglement between the
oo noslies wis verilied by the violation of a Bell
meguality, The effective polarsation-cntangled
state, crcated with Gwvomble scaling belavior,
was therehy companble with entanglement-hased
CUANLLT Communicaion protocols ( /)

The architecture for our experiment is
shown in Fig. 1. Each quamum node, £ (lefl)
and B (nght), consists of two atomic ensem-
bles, U (up) and £ (down), or four enscmbles
ghogether, mamely (LU, L) and (RU, RD),
respectively. We first prepared cach pair in an
entangled sute, in which one excnation s
shared coherently, by wsing a par of coberent
wek write pulbses 1o induce spontancous Raman
framsitions g— el— &) (bottom bkeft, Fig, 1)
The Raman felds (1 sl ged from(LLL RE) were

Ji  Siep: B5E

Pause! MisP
Tiratt! 00215 Capned: 536

Taas, 4% =1



combincd at the 30-50 beamsplitter #5¢. and the
resulting fields were direcied w single-photon
detectors. A photocleciric detection event in
either deector indicated that the two ensembles
were prepared. The remide pair of £ ensembles,
(L, BREN, was prepared in an analogous (ashion,

Conditioned upon the prepartion of both
ensemble pairs (LU) L0y and (REL RO, o se
of read pulses was mggered w map the stored
Momic excilalions inle propagating Stokes
ficlds i well-defimed spatial modes through
— |eb— o with the use of a collective en-
hancement (/7) (bottom left. Fig 1) This
generated a set of four felds denoted by
(2een2ge) for ensembles (LU, RU) and by
(2ep, 2gp) lor ensembles (LD, RO In the
ideal case and neglecting higher-order terms,
this mapping results in a quanium state for
the Field 2 fields given by

- PN (S T

|
[0 |

1 T \
= It t_.:H "}-“-'M I

M | Ve,
& (|0 14 v AT 1. (O \ (1)
LIV 2 1 L i\ Yilan I /

Flere, iy 15 the n-photon state for mode x, where
¥ & {2pndpud i dent. and nyoand np ane the

'~"’"'f-'-hl O ' I

Mode “Left”

=

relative phases resulting frome the writing and
reading processes for the U and £ pair of en-
sembles, respectively (20) The + signs for the
conditional states U000 result from the unitarity
of the transformation by the beamsplitters
(B35, B5p). The extension of Eq. 1 to incor-
pormate various nonidealities is given in the
supporting online material (SOM) texL

Apart from an overall phase, the suate
(W, o & )ean be rewntien as follows:

e
e R Y B )

Vo 2 2 ! =
& = S
RN Lo

P, TR B k! 3
te™| g, | s, 1eehs,

1 o i (2)
21 | "-'Z.LL I}Eun :]':I:HF ]_:'zh
L g ) i::I.LI “:;'J.Lrl I-l:']m:l “:’l'm ]
where  [wachy, denotes  [U, (005, 1T only

comeidences between bath nodes LR are regs-
tered, the fmst two lerms (e, with ¢ M @™ ) do
not contribute, Hence, as noted by DLCE,
excluding such cases keads 1o an effective density
mairx equivalent o the one for a maximally
entangled state of the form of the last term in
Eq. 2. Notably, the absolue phases ng and np do
nid need o be independently stabilieed, Only the
relative phase 1= 1y - Mo must be kept constant,

Mode “Right”

\.. RU !

Fig. 1. Setup for distributing entanglement between two quantum nodes (L) separated by 3 m. The inset
atthe bottom left shows the relevant atomic levels for the 65— 6F5 transition in atomic cesium, as well as
the associated light fields. The ensembles are initially prepared in lgh. Weak write pulses then induce
spontanecus Raman transitions lg! (F = 4)—le} (F" = 4} Is} (F = 3), resulting in the emission of anti-Stokes
fields (Field 1) near the le)—ls) transition along with the storage of collective excitations in the form of spin-
flips shared amang the atoms (120, With this setup, a photo-detection event at either detector 0y, or Dy,
indicates entanglement between the collective exdtation in LU and RU, and a phote-detection event at either
detector 0y, or Dy indicates entanglement between the collective excitation in LD and RD (200, Two
orthogonal polarizations in one fiber beamsplitter implement 85, and 855, vielding excellent relative path
stability. A hesalding detection event triggers the control logic to gate off the light pulses going to the
coresponding ensemble pair (U or O by controlling the intensity modulators (LML), The atomic state is thus
stored while waiting for the second ensemble pair to be prepared, After both pairs of ensembles U0
are entangled, the control logic releases strong read pulses to map the states of the atoms to Stokes Field
2 fields through |s— le— lg. Fields 2, and 2,, are combined with orthogonal polarizations on the
polarizing beamsplitter PES; to yield field 2 fields 2gy and 2gp are combined with orthogonal
polarizations on the polarizing beam splitter PBSg to yield field 2. If only coincidences between fields 2,
and 2 are registered, the state is effectively equivalent to a polarization maximally entangled state,
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leading o 12 unit of cotanglememt for two
quantum bits (Le. 12 ehith

The cxperimenial demonstration of  this
architecture  for implementing  the DLCZ
protocol rehes eritically on the ability o camy
out efficient parallel preparation of the (LL) RL9
md (LD, RO ensemble pairs, as well as the
ability to stabiliee the relative phase 1. The first
requirernent s achieved by the wse of ieal-time
contred, as described i Felino e ol (24) in o
simpler case, As shown in Fig 1, we imple-
mented control logic that monitors the outputs
of Field 1 detectors. A detection event at cither
pair tnggens clectro-optic intensity. modulators
(IM) thar pate off all laser pulses  waveling
wward the comesponding par of aisembles,
thereby storing the asociated sme. Upon ne-

ceipt of signals indicating that the two pairs of

ensembles, (LU, RUD and (LD, RN, have bath
been independemly prepared. the control Togic
triggers the retrieval of the stored states by simul-
tameous]y sending o strong read pulse imo each
af the four ensembles. Relative 10 the case in
which no logic s implemenied, this process
resulted in a 19-fold enhancement in the
probability of gencenting this overall stae from
the tour ensambles (SOM wext).

The second requimement —stabality of the
relative phose n—coulkd be accomplishad by
active  stabilization of cach individual phase
Neptle @5 10 (20 Instead of mmplementing this
challengime  techmical task (which  ulimaely
wotld have 1o be extended across longer chains
of ensembles), our sctup cxploils the passive
stability between two independent polarizations
propagating in a single imerferometer to prepare
the two enscmible pairs (270 No active phise sa-
hilization 15 thus reguired. [n practice, we found
that the passive stbility of our system was sol-
ficient for opention ovemight without adjusteent.
Addionally, we mmplemented o procedure that
deterministically scts the relative phase iy o #2ero.

We also extended the onginal DLCY proto-
col (Fig. 1) by combiming Gelds (2. 2150 and
12gen 2pp) with onthogonal polafzations on
polarizing beamsplitters PBS; and PBSg 10 vield
fields 2; and 2. respectively. The polanzation
meoding opens the possibility of performing
additional entanglement purfication and thus
supenor scalability (24, 299, In the ideal case,
the resulting state would now be effccively
aquivalent o a maximally entangled state for
the polamzation of two photons

U"L_.E,-;'H[ . _‘_ L &N !‘:_u‘_:lihrjx} I.“f
where [H) and (1) stand for the state of a single
photon with homzontal and vertical polarization,
respectively. The sign of the superposition in
Eq. 3 15 inhented (rom Eq. 1 and 15 determined
by the particular pair of heralding signals
recorded by (09, 00 and (MDD, The en-
anglement in the polarization basis s well
suited for entanglement-based quantum cryp-
wography (M, 23), ncluding sceurity verifica-
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tion by way of the violation of a Bell inegquality,
as well as for quantum teleportation (£,

As a first step o investigate the joint stales
of the atomic ensembles, we recorded photo-
clectric counting events for the ensemble pairs
(LURLY and (LORE by sctting the angles
for the half-wave plates (A2) g shown in Fig. |
to 07, such that photons reaching detections Dy,
and Oy come only Trom the ensemble par (0
and photons reaching detectors £, and £,
come only from the ensemble pair £ Condi-
tioned upon detection events at £y, or Dy, (or @
e or Dyl we estimated the probability that
cach ensemble pair U2 contains only a single,
shared excitation as compared with the proba-
bty for two excitations by way o the associated
phatoelectric statistics, In quantittive onns, we
determined the ratio (20}

"I‘,I:EI ) Preu
Fr_lm”\ Ll

(4]

where pryg Bs the probability 1o register m
photodetection events in mode 2p - and o cvents
in mode ey (V= (L0000, conditioned on a de-
tection event at . A pecessary condition for the
twio ensembles (LY £ w be entangled 15 tha
™ < 1, where 5™ = | comesponds 1o the case
of independent (unentangled) coberent states Tor
the two fickds (20, Figune 2 shows the mesuncd
hxm versus the duration oy (where M stands
for memory) that the siate s stored before re-
trieval, For both U and £ pairs, 572! remains well
below umity for storage times Ty < =10 ps,
For the ¢ pair, the solid line in Fig. 2 pro-
vides a fit by the simple expression 4%
1 - Aexpl {n/tF] . The fit gives 4 = 094 4
0.01, where the emor s SD, and © - 2 s,
prowidding an estimate of o coherence tome for our
system. A principal cause for decoherence is an
inhomogencous broadening of the ground state
levels by mesidual magnetic fields (30, The
characteriation of the e dependence of H®
conshimwtes an amportant benchmark of our
system | SOM ext),

We next measured the correlation function
(8 gl defined by

Cac +Cpa

22

Cic
o + 0o+ Cag -+ e

-
E(B;.6;) = i

(3]

Here, Cu gives the mates of comcidences be-
tween detectors Dy and Dag For Field 2 ficlds,
wheref k< o b, conditioned upon herald-
ing events at detectors [y, e and £y 0,
from Field | tields. The angles of the two hall-
wave plates (A2 ) amd (A2 are set at Oy 2 and
B2, respectively. As stated above, the capa-
hility to store the stae heralded in one pair of
ensembles and then o wail for the other pair to
be prepared markedly improves the varwous
comcidence rates f}* by o factor that mcneases
with the duration my that a state can be pre-
served (2490 (SOM texth

Figure 3 displays the comrelation funciion £
as a function of Gg, for 6, = 07 ( Fig. 3A) and

1218

8 =45% (Fig. 3B). Relative 1o Fig. 2, these data
are taken with increased excitation probability
(hgher wate power) o validate the phase sia-
bility of the system, which is evidently good.
Moreover, these four-1old comncidence [ninges in
Fig. 3A provide funther venification that prodom-
inantly one excitation is shared between a pair
of msembles. The mmalysis prowvided i the
SOM text with the measured cumulative 4%
parameter for this set of data, /% = 0,12 = 0402,
predicis a swsibility of "= T8 £ 36 in good
agreement with the experimentally determined
"= 75%. Finally. one of the {ringes is inverted
with respect 10 the other in Fig. 3B, which cor-
responds with the two possible signs in Eg. 3.

As for B = 45°, the measurement is sensitive o
the square of the overlap £ of photon wave-
packets for ficlds 2y we may infer Egp
085 fom the reduced fringe visibility (17
35%) n Fig, 3B relative o Fig, 3A, if all the
reduction is attributed 1o a nonideal overlap, An
independent experiment or two-photon iner-
ference in this setup has shown an overlap £ =
8, which confinns that the reduction can be
principally attributed 10 the nonideal overlap.
Oither possible causes include imperfiect phase
alignment iy O and imbalance of the effective-
state coeflficients {SOM text).

With the measurements from Figs. 2 and 3 in
hand, we verilied entanglement unambiguously

W om

T " T " T T ) T Fig. 2. Suppression 4'?
i0 of the probabilities for
Limit for Independent coherent states each ensemble to emit
i two photons compared
osl = Up | with the product of the
= Down probahbilities that only
one photon & emitted,
06k 4 asa function of the dura-
g tion 1y that the state is
= stored before retrieval,
04k 4 The solid line gives a fit
for the U pair. Error bars
indicate 50.
02k i
L
Dlu A L A 'l A 'l 'l A 'l
0 2 4 B 8 10
Ty (us)
A 0 : : : : Fig. 3. Measured correlation func-
tion E(6,, fe) a5 a function of ty
I . with @ fixed at (A) 0" and (B) 457,
osk - The excilation probabilities for the
ensembles are increased by -1.5
times relative to Fig. 2, with each
Eonk - point taken for 30 min at a typical
coincidence rate of 400 per hour for
each fringe, Error bars indicate S0,
05 8 E,(070R) "
=E_{0°8g) .
_' n a L 2 A 5 i i
=100 =50 0 50 100
B 10 T T T T
. *
05 =
o0k "
E g
=05 -
s s E (45"0g)
= - E_{qﬁu‘ﬂ_ﬁ}'
-] _0 " i " i " i - i
=100 =50 0 50 100
Hy (degree)
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by way of the violation of a Bell imequality (313,
For this purpose. we chose the canonical values,
By = WPA5?) and Bg = 122.55-22.5°) and
constructed  the Clawser-Home-Shimony-Haol
(CHSI) parmeters

5. = B0, 225V + E(0°,-2.5")
F E(45°.-22.5°) - E(45°.22.5°)| (6)
S = |E(0,22.5) 4 E(0°,-22.5")
+ E(45°,22.5°) - E(45°,-225") (T)

for the two cflcctive states (v, 5 Jar in Eg. 3.
For local, realistic hidden-variable theories, S, =
2030, Figure 4 shows the CHSH parameters S,
as functions of the duration tuy up o which one
pair of ensembles holds the prepared state, n
the excitation regime of Fig, 2, As shown in the
SOM rext, the requirements for minimization
of higher-omder terms are much more stringent
in this experiment with four ensembles than
with simpler configurations (21 ),

Figure 4, A and B, gives the results for our
measurements of 5 with binned data. Each
point comesponds 1o the violation obiained for
states penerated at Ty o Aty 2 (A i maded
b the thick horeavmal lines in Fig, 4). Strong
violations ane obtained for shor memory times
for instance, 5, = 255+ 0. 14> 2and 5_=2.61 =
013 = 2 for the second bin-— demonstirmting the
presence of entanglement between fields 2; and
2 Therefire, these fields can be exploated 1o
perform entanglement-based quaniom communi-
cation prtocols, such as quantum key distribution
with, at minimum, sccunity agamst individual
attacks (/1, 31

As can be seen in Fig, 4, the violation de-
creases with nereasing vy, The decay s largely
due 1 the time-varying behavior of #* (Fig. 2
and SOM text) In addition o this decay, the
&, parameter exhibits modulation with t,, We
explored different models for the me depen-
dence of the CHSH parumeters, but thus far
have found no satisfctory agreement between

T [ U — B 80 ————r—r—r———r—r—y
Maximal violation 1 1
| e i L e L R
Z26r E 26k -
24F L 24 + 4

2 221 +++ {1 @22l + + 4
20 (imiftor violiion sl EHEH |7 e e e 1
1.8¢ 4 1.8F 1
18] 1 el ]

0 2 4 6 8 10 o 2z 4 & 8 10
T (us) T (us)

C 3.0/ ' + D 3.0 — ' . : . :
- T e e et r Y S R R SRS e T
26} “i {1 28} l 1
24} HH} 1 24} {

: b fhedd

W ol Hithgg) o, I g,
20F---- = e = - -1 e T o
184 1 1.8} 1
1.6}F 1 1.6F 1

0 2 4 6 8 10 0 2 4 6 8 10
Ty (15 T (18]

Fig. 4. Measured CHSH parameters 5., for the two possible effective states in Eq. 3, as functions of
duration 1 for which the first ensemble pair holds the prepared state. The excitation probabilities
are kept low for high correlation (as in Fig. 2). (A and B) Binned data. The horizontal solid lines
indicate the size of the bins used. (C and D) Cumulative data. The coincidence rate for these
measurements is about 150 per hour for each effective state. Error bars indicate 50,
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miodel caleulations and measurements. Never-
theless, the density matrix for the ensemble over
the full memory time is potentially uselul for
tasks such a5 entanglement conmection, as
shown by Fig, 4, C and D, in which cumulative
data are given. Each point al memory tme Ty
gives the violation obtained by king into
aceount all the sttes generated rom 0 10 T,
Overall significant vielations  are  obtained,
mamehy 8, =221 £ 004 > 2 and 5. = 2.24 =
M = 2 ab Ty =~ 10 .

In our experiment, we were able (o generte
excitation-number entangled siates between ne-
mote bocations, which anc well suited for scaling
purposcs, and, with real-tome control, we wene
able 1o operte them as al they were elfectively
polariaation-entangled  staes. which can be
applicd to quantum communications such as
quantum crvptography, Measurements ol the
SUPPIESION 3 ol two-cxeitation componenis
versus storgee e explicitly damonsirates the
major source that causes the extmcted polanetion
atanglement o decay, emphasiang the entical
roke of muli-exciiation evens i the expeniments
aiming for a scalable quantum network. The
present scheme. which constinnes a funciional
sepment of o quanium
quantum . stte encoding and chamel control,
wlows the distibution of entanglement between
twio quantum nodes, The extension of our work to
longer chams mvelving muny scgments becomes
more complicited and 5 oul of each for any
cumment svstem, For long-distance communication,
the first quantity o improve is the coberence time
of the memory. Better cancellation of the residual
magnatic ficlds and switching 1o new trap schemes
should improve this parmmeter 1o ~(0] s by using

am optical trap (309, thereby increasing the mie of

prepaning the ensembles i the stote of Eg. 1w
=1t He, The second challenge thar would
mmmicdiately appear i an extended chan would
he the increase of the multi-cxcitaion probability
with the connection stages, Recently, Jiong ef al.
{28y have theorctically demonstmted the preven-
tion of such growth in a similer setup, but its Gl
scalability still requines very high retieval and
detection elficiency, and photon-number resolving
detectors. These two points clearly show that the
quest of scalable quantom networks is sl o
theoretical and experimental challenge. The avail-
ahality of our fim functional sepmem opens the
wary for fmtful investigations,
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Anisotropic Violation of the
Wiedemann-Franz Law at a
Quantum Critical Point

Makariy A. Tanatar,™*t Johnpierre Paglione,** Cedomir Petrovic,* Louis Taillefer’®+

A quantum critical paint transfarms the behavior of electrons so strongly that new phases of matter
can emerge, The interactions at play are known to fall outside the scope of the standard model of
metals, but a fundamental question remains: Is the basic concept of a quasiparticle—a fermion
with remormalized mass—still valid in such systems? The Wiedemann-Franz law, which states that
the ratio of heat and charge conductivities in a metal is a universal constant in the limit of zero
temperature, is a robust consequence of Fermi-Dirac statistics. We report a violation of this law in
the heavy-fermion metal CeColng when tuned to its quantum critical point, depending on the
direction of electron motion relative to the crystal lattice, which points to an anisotropic

destruction of the Fermi surface,

imcovered in 1853, the Wicdemann-
D Frne { WEF) law (/) his stood as a robust

empirical property of metals, whenehy
the thermal conductivity & of a sample s relaed
to s clectneal conductivity o through a umversal
ratic, In 1927, Sommerfeld (2) vsed quantum
mechanics, applving 1o cloctrons the new Fermi-
Dirac statistics, w derive the tollowing theoretical

relation
K _x (.t.-g )-’
afl 3\e

where T s the absolute temperature, kg is
Boltamann s constamt and e s the charge of the

(1}
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electron, The extremely good f!grm]wnl between
the theoretical constant Ly = 5 -:%!-J’ and the em-
pincal value plaved a pivotal role in cstablishing
the guantum theory of soluls, In 1937, Landow
wenl on 1o show that, even i the presence of
strong intemctions, electrons in a metal can still
b descnbed as weakly interacting  fenmions
(“quasipanicles”) with renomalized mass ().
This s the essence of what became known as
Fermm-liqud (FL) theory, the “standard model”
of metals. In the limit of zero temperature, the
WF law survived unchanged because it does not
depend on minss, (Eq. 1 s only a law at T—0, as
only m that limit s enerey conserved in colli-
sions. ) It has since been shown that the WF law
remains valid as T—0 for arbitrary strong
scattenng, disorder, and imtemctions (4. I s
bualt into the fabne of matier, valid down o the
quanta of conductance, respectively equal 1o
2L for heat and % for charge (5).

In the past decade, however, departures from
FL theory hove been observed o o - and -
electron mdaks when tuned to a quantom cntical
pant (OO P, a sero-temperaure phise transition
between distinet clectronic ground  states (6,
These tvpically show up s an anomalous tem-
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preratune dependence of propertics at the QCP, for
example, a specific heat coeflicient that never
siturates, growing as CF = log(1/T) (7, and an
clectncal resistivity that grows lincarly with I
(X0, Quanium cnticalily also appears to be linked
1o the emerzence of exotic fomms of supencon-
ductivity (941 and nematic ([2) electronic
stales of matter,

Tov deternmme whether Landou gquasiparicles
survive @t a QCP, we have measured the tmnspon
al heat and charge in CeColig, a heavy-lermion
metal with a QCP wned by magnenc Gekd £ In
ils phuse diagemm (Fig, 1) the QCP s located on
the border of superconductivity amd marks the
ond ofa FL regime m H = H, = 5.0 T, where the
clectrical resistivity obeys the FL fomm p = pg +
AT? (131 A power-law fit 1o the A coeflicient
vields A ~ (H - H5® with @ = 4/3 and H,
50+0.1T(f3) A H., OT never saturates (f4).
The same phenomenology s found at the Geld-
tuned QCP of YhRhaSia (with c = 1) (/5),

In Fig. 2 we show how the thermal and
clectncal resistivitics in the =0 limit behave in
CeColng as the ekl s wned woward £ These
are extrapolations to 7= 0 ol the bow-temperaure
thermal resistivity, defined ns w = L, and
clecirical mesistivity p for cument directions
parallel (F | o) and pempendicular F L o) o the
tetragomal axis of the ervsal lantice. The mw data
amd thear extrapolation are shown in detail in ().
For ff = 10 T, far away from S wi T and piT)
converge as T— for both current dircctions,
However, very close 1o the QCP, for i = 33 T,
they only converge for an-plane imnsport. In
other words, ransport along the ¢ axis violates
the WF law, with wy, extrapolaing 1o a distinctly
larger value than pge as T—(0, In the supporting
material (45, we show that extrapolations ane not
needed to conclude in a violation of the WF law,
& the difference data, wdT) - paT) versus T,
shows a rigid Findependent shifi from field o
ficld. The normalized Lorene mtio, -fE = _:“ = E
i also seen 1o approech unity at [T bul not at
53T

Our observation of a violation of the WF law
M a QUP & charactenzed by three distinctive

WWW.SCIencemag.org




features: (1) charee conduction is cssentially une
perurbed: {i1) heat conduction becomes less efli-
cient, so that L < Ly and (i) the vielation is
qualimtively anisetropic, present in one direction
and absent i the oher.

The constancy of charge conduction distine
puishes this from the two known instances of WEF
violation. The first occurs in the case ol super-
conductivity, where o immedinely pocs i infinity
as A drops bebow L, whereas & drops gradually,
so that Ly =10, The second nstance occurs i the
odher limit {a—(¥), realized in the crossover from a
metal o an insukator. In this lindt, a vielation has
been observed i cuprates as the Mot insulating
state is apywoached (). The case of Collolng 15
neither one of supertlud condensation nor one of
charee Tocalization, but that of 2 good metal vie-
lating the WF Low. The Gt that it s a downward
viokition, L (7=l) < L, seens inconsisient with
the possibility of neutml Enmionic exatations such
s those predicted o emergee at o hesvv-fenmion
QCP (163, Instepd, we will angue thit the Fenmi
surfivce s destroved, ansotropically.,

In the =0 limit, the WF low holds s long as
thore is a step in the Fermi distribution function,
than is, as bong as a sharp Fermi surfbee exists. This
step o proportional o the renormalization
paummcter 2, the defimng propenty of 2 Landau
quasiparticle (/7). In standard FL theory, & is a
masure of how strongly the quasipaicle mass
m* 15 enhanced by electron mteractions, with £ -
Fien®, The amsowopie violanon seen m CeColng
thus suggeests that o sham Fami surface doe niot
exist i the ¢ dinection bat dos exist in the plane,
{This is consistent with the observation of de
Haas-van Alphen oscillaions in Col'olng for M
¢ (I8, because these pesult from coherent electnon
orbits in the plane.) In other wosds, £ must be a
function of polar angle, & = A0), wherchy £ =10
over aregion around the “poles” (e axis) and 2 )
m a region around the “equator” (basal plane,
which provides evidence of anisstropic #ems in
the £ parumater of a metal due oa QCP.

An amsotropic destruction of the Ferm
surface is reminiscent of what occurs in the
pseudogap state of undendoped high-temperature
superconductors, where photocmission studics
have revealed a Fermi surface broken imo small
arcs (19, shnnking 10 pomnts along “nodal™

Fig. 1. Phase diagram of CeColns. Magnetic
field-temperature phase diagram for a field
perpendicular to the basal plane of the
tetragonal crystal lattice (shown in inset), ie,
H |l £, as determined from in-plane resistivity
measurements {10). The QCP is located at H =
H, = 5.0 T {vertical red line). FL behavior, p =
po + ATZ, s obeyed in the blue wedge, ending
at M. The coefficient 4, proportional to the
square of the electron effective mass, diverges
at H. as a power law. Below H. supercon-
ductivity (5C) sets in,

Temperature [ K]
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directions (g = mid) as T—0 (200 This angle-
dependent destruction may be caused by strong
antiferromagnetic (AF) comelations: it cerainly
is predominant ol points connected by the AF
oridermg vector, By analogy, the unizaal destric-
tion of the Fermi surface in CeColng may be
caused by spin Nuctuations with a uniasial char-
acter, a scenario which is consistent with both the
known NMuetraton spectnum and the fnite wem-
peratune properties discussed below,

Having focused on the T = O liit, we now
examine how quantum eriticality unfolds as a
function of 7. The clectnical resistivity of CeColns
at the QP is plotted up to 135 K (Fig. 3) for both
current directions. pe shows o purely linear T de-
pendence, fom 0.4 p£2 cmat 25 mK all the way
o 40 p£ emea 16 K. This 100-fld increase in
reststivity extends by one order of magnitude the
range over which eriticality hos so far been ob-
served W persist in any matenal, proving beyond
doubt that the power law is an Intinsic propery
of electrons scattered by ennical Muctuations, p, is
qualitatively different. Its lincar T dependence 15
seen only above 4 K or so, crossing overioa 77
dependence below = TR (21).

A comparison of heat and charge conductiv-
it reveals informanon abowt the momenium
dependence ol inclastic scanerng, This was dis-
cussed i detml inothe comtext of our study of
CeRhing (220, the antiferomagnetic cousin of
CeColng, with o Neel ordenng temperature Ty, =
3.8 K. The man piece of mlormation that can be
extmcted directly is the chamcotenistic temperntune
Top of magnetic Muctuations, defined as the 1om-
perature above which the WF law is nestored, i.e.,
Wi T = piT LA Tsp is the magnetic analog of the
Debye temperature, the characteristic tempor-
ature for the scattering of electrons by phonons,
Ap.) In CeRhlng, Fgr = 8 K (221, in zood
agreement with the enset of AF comelations seen
with neutron scatienng. In CeColng, the same
approach applied o m-plane tmnsport viclds a
feld-dependent Ty = 4 K ot A, and rismg o
match that of CeRhlng ot high Debd (27 This
allows vs to understand the stmnge behavior of
e The lincar-I" regime above Tgp arises fom
fluctuations withowt preformed  spatial comela-
tions, elfectively scattering electrons on the
whole Fernm surface and making it umiformly

CeColns

(=5}
T

L
T

P2

4 8 12
Magnetic Field [ T]

REPORTS

“hot.” (A T=lincar resistivity s also found in
conventional metals when 7= Gn.) Below Tk
the emerzence of AF correlations peaked at cer-
Lain g veetors i the plane leads wo “hot spods” and
the higher T as power low ot low T The Bt that
pe memains lincar down o the lowest 1emper-
afures suggests that Tge—40 in this case, that no
mterplane correlations build up, md thot the Fermi
surfiioe remmins bot over large regions (away from
the plane), [In our phonon analog, this would
miply Gp—il, a quantum melimg of the three-
dimensional {310 solid into stacks of solid sheets
separated by nonviscous liquid or gas. |

Whereas the T = 0 intercepds ane different, the
lincar T dependence of the c-axis dlectrical resis-
tvity is paralleled by the thermal resistivity
(Fig, 3, insetk wi T is perfectly linear down to the
brwest T Mot only iswe = Tt also the shope of
wy s roughly equal o that of p, - a conlirmation
than T mdeed vamshes m this direction. This
mcdicates that the usual (1 - cosBy venex—whch
mikes smallangke scattening incflective in de-
prvding a charge curmenl—is ot working
CeColng. [tmay be unimporiant bocause inclastic
scattering is dominated by larpe-y processcs, as
one would expect fiom AF luctuations, or it may
be mopemtive for some special reason, s n the
“kondo breakdown™ model (23),

In this instance of anisolropic quantum
criticality, given that £ and Tee exhibit the same
anisetropy (£, Tge = 0 along the ¢ axis and £,
Tor = 0 i the basal plane), 1 s templing 10 sug-
gest that (i) o vamishing enerey seale, Z—40, and o

CeColns J

D&

06

T=0 Resistivity [ cm]

04

2]
HIT]
Fig. 2. Viclation of the WF law. Residual re-
sistivities (extrapolated to T = 0} as a function of
magnetic field, for heat Golid symbols) and charge
(open symbols) transport. For in-plane transport
(bottom|, the two resstinities track each other as
& function of field, thereby obeying the WF law at
all fields. For inter-plane transport (topl), the
electrical resistivity p, is flat as H-H,, whereas
the thermal resistivity increases, thereby causing a
violation of the WF law at the QCP, with a Lorenz
number [ = {p.
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WF law viokation ane all related, and (i) a good
indicator for their joim occwmence is a lincar-1
resistivity. Retuming 1o our comparison with
cuprates, a similar connection between p ~ T
and £ = 0 appears o exast there as well, Indeed, a
recent mesurcment of the (aamuthal) ansotropy
ofthe in-plane seatiering e T{a) in an overdoped
cuprate ( 24) revealed that T - Tt g = 0, where the
Formi surfaoe = eventually destroved (a ower
doping), and T-T% @ ¢ = n/d, where it survives,

It 1 istructive 1o compare our indings with
the properics of other materials and theorics of
quantum criticality, A 7 sistiv ity is observed in
Celny near the pressure-<tuned QCP where s AF
order vamishes (6). Celny is the cubic parent
cormpound of tetmgonal CeRthlng and, along with
the incresse in ofe mtio, the ordenng wmperitune
drops from T = 10 K inthe formerto Ty =38 K
in the kmer, However, they stll have comparable
Tgp tassuming et i Celig Top = Ty), Celolng
encoumters 4 further stretch of the o mtio, and
long-runge AF onder s o longer stabilized.
However, it can stll be viewed as a layered ver-
sion of Celng, with similar in-plane comelaiions
and seantering. In this sense, the 7% dependence
observed in CeColng can be viewed as the result off
antiferromagnetic Nuctuanons that are chimcter-
istic of the parent compound. Theortically, a 77
resistivity s expected for AF enticnd Nuctustions in
30 from the so-called quanium spin density wave
(SDW ) moddel (77, 25, 260, In ths scemsio, crtecal
seattenng s peaked o “hot spots” connoected by the
AF wave vectors (25), As T—0, one would expect
the Fermi surface o remain shamp everywhene clse,
and this the WF law 1o prevail, as found here for
m-plane currents.

A Flinear resistivity is observed at the
composition-tuned QUP of CeCusghugg (7)
and Neld-tuned (OCP of YhRhaSis (/21 where
AF order is thought 1o disappear, [In these cases,
the power biw is lincar m both Igh-symmetry

10

CeColng |

o s 1 15
TIK]

Fig. 3. Anisotropic quamtum criticality. Electrical
resistivity at the QCP {at H = 5.3, T = Hy} for in-
plane (p,b and inter-plane (p.) current directions.
e (T) remains linear over a 100-fold increase in
magnitude. By contrast, py is linear only above a
characteristic fluctuation temperature T = 4 K
(arrow) (18), (Inset) Thermal resistivity (w, = LgT/k,)
at the QCP, for inter-plane transport. w, is perfectly
linear down to the lowest temperature,

directions (13, 271 The fact that a lincar power is
inconsistent with the SDW model for AF flue-
ttions in 3D prompied the proposal of a 2D
version (28) and of an altemate theory, where
critical scattering 5 bocal m space and therefore
present at all wave veetors (29). These scenanos
would lead 10 a more extreme breakdown of FL
theory, becawse the Fermi surfiee is “hot™ not
only at cerun specilic spots but evervwhere, It
wass argued an (8 that the specilic beat data on
Ge-doped YbRhaS1;, which shows a O'F that
exooeds the log( 1Ty dependence ot low temper-
ature, may be an indication of such enhanced
breakdown. In CeColns, the Gact that it is in the
direction where p ~ T that the WF law is violated
is certamby consistent with this pacture, Clearly, it
woukl be interesting w0 test the WF low in
YhiRhaSia.

Bringing wgether our findings for T—0 and
T = o pacture of qualitative anisolropy cmerses,
nod present in either the SIW maoded or the local
criticality model, at lemst i their curment fomms,
The charactenstic spin flucteation tempertune
Tgp vanishes at the QCP for trnspod along the ¢
axis but not in e planc. As a resull, the break-
down of FL theory is extreme in the ¢ direction:
P~ Tand we ~ T down o the kvwest femper-
atures and the 7= 0 Fermi surfice s blumed, tha
is, the quasiparticle £ parameter vanishes, inone-
ions around the c-axis dinection,

A possible ongin for this ansotrogac critical-
ity is an ansotropie spin uctuation spectnuim,
First, an AF instability s present in all three
Celflng compounds (A = Co, Bh, Ir), as shown
b the fact that magnetic ordening can be induced
by Cd doping [ 309, Second, a magnetic field docs
tune the magnetism. In CeRhilng under pressune
{where it becomes in many ways mone similar o
CeColng, e, by developmg superconductivity
with the same 720, a magnetic fichd stabilvees
long-range magnetic onder (24, 320 In CeColns,
it 15 the magnetic fuctuations that are wned by a
magnetc Geld (24, with Tgp storting at o value
equivalent to that of CeRthlng a1 high Hields and
then lowerad o o minimum at M. Third, the AF
Muetetions in CeColng have stromgly anisotrop-
ic character (353, with magnetic moments well
coupled in-plane but weakly coupled interplane.
This is consistent wilh the helical ordering of
moments in CeRhlng, commensurate in-plane
and incommensurate along the ¢ axis, Therefore,
it seems natumal o link this unisial anisotropy
with the observed antsotropy in T power laws,
and A(8). What is not vet known is whether a
scenarie of AF critical flucuations can indeed
cause a vielation of the WF law a1 77—,

However, the AF scenano i not the only
candidate for the anisotropic quantum critical ity
of CeColng. The “Kondo breakdown™ maodel pao-
posed recently {23, 34 a tvpe of deconfined
QUP where the hybridization between conduction
and felectnons gocs W een, ciplores some of the
kv signatures —absenee of magnetic onder in the
phase disgmm, strong anisotropy, multiple cner-
ey seales, and a Elincar behavior of both change

and heat resistivitics. Proximity 1o a Pomeranchuk
instability of the Fermi surface can also cause
mnisotropy in electronic liquids (7). Recent cal-
culations show that the transpont decay mate a
such a QCP hoas a lincar 7 dependence every-
where on the Fami surfsce except ot “cobld™
points, resulting in a 737 dependence of the
ressvity (35
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Mars: A New Core-Crystallization

Regime

Andrew ). Stewart,® Max W. Schmidt,® Wim van Westrenen,® Christian Liebske?

The evolution of the martian core is widely assumed to mirror the characteristics observed for
Earth's core, Data from experiments performed on iren-sulfur and iron-nickel-sulfur systems at
pressures corresponding to the center of Mars indicate that its core is presently completely liguid
and that it will not form an outwardly crystallizing iron-=rich inner core, as does Earth. Instead,
planetary cooling will lead to core crystallization following either a “snowing-cere” model, whereby
iron-rich solids nucleate in the outer portions of the core and sink toward the center, or a "sulfide
inner-core” model, where an iron-sulfide phase crystallizes to form a solid inner core,

or Mars, the presence of a metallic core
denin-;m.ﬂ by Fe, Mi, and 5 s well cs-

tablished by martian metcorite  geo-
chemistry (/-3). However, because of the
absence of sesmic dma and direct samples Tom
the marmian mantle, the composition, themmal
evolution, and physical state of the core ane hotly
debated. The Mars Global Survevor mission has
allowed detailed refinement of the peophysical
data available for the planet. Precise determina-
tioms of the moanent of et () and solar tdal
deformation {3 have provided sirong constraints
on structural models of the planset, reguirmg o
core adius of 1520 1w 1840 km, a5 comparcd
with a mean planctary mdivs of 3390 km. The
same data also indicate that the present-day
metallic core s not completely solid (5 and are
consistent with a range of possibilitics between
an entirely liquid and a highly solidified core
with only a small outer liquid region (6). The
evolution of the physical state of the manian core
is particularly imponant, in view of the recem
dentification (7, &) of highly magnctized high-
land mocks in the southem hemisphere, indiciing
the presence ol a strong mnsient magnenc Geld
in the Moachian period (~ 4 hillion vears ago),
gencrated by the low of metallic liquid in the
martian core. The mechanism that caused the
subsequent cessation of the magnetic hield = one
of the Nimdamental unknowns about the evolu-
tion of the marian intenior (Y and depends
critically on the plivsical stae of the core.

The core/mantle boundary of Mars occurs at
=23 GiPa (/) and T8RO K (17). High-pressure
expenments performed on the Fe-S system m
such conditions (£.2) indicate relatively low cu-
tectic mcling temperatures throughowt the planet
(£, 13, 140, as compared with calculated tem-
peraure profiles (termed arcotherms). This ime
plics that at least e outer core 15 in a lquid state

(A, Hene we present an expenmental study ol

high-tempermtune phase relations in the Fe-S and
{FeNikS systems extending to pressuncs that exist

Hnstitute for Mineralogy and Petrology, Eldgendssische
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at the cemter of Mars, estimated 10 be near 40 Gt
and 22000 K, thereby expenmentally: constraining
the phvsical state of the entire martin core,

Using high-pressure muliianvil devices, we
investignied the Fe-rich portions of the binary
Fe-5 and pseudobinary (Fe,NikS systems at 23
and 40 GPa, Expenments at 23 GP'a were per-
formed i a traditional uniaxaal mubianyil device
with siatic kateml confinement {/5), whereas a
sphercal multianvil device (76181 equipped
wilh sintered diamond anvils wis wsed Tor ex-
penments at 40 GPa (F9),

Fecovered run products were sectioned,
polished, and investigated by clectmon micro-
probe analvais. The results (table S1) show that
the Fe-S system preserved s euteetic behavior
as observed wt 25 GPa (7)) up o 40 GPa (Fig. 1),
AL 40 GPa, the cutectic melting tempermture of
the Fe-5 svstem was found to be 1320 K. which
is BO0 K lower than that of pure Fe melting at
that peessure (200 and only 200 K higher than

REFORTS

the cutectic temperatune at 23 Gfa. The eutec-
tic melt composition shified from 16 weizght %
{(wt ) S a1 23 GPaido 12 wi % at 40 GPa. No
new phases were observed in the svstem. At
subsolidus wemperatures, Fe is foumd 1o coexist
with FeseSs rather than Fess (2471 We con-
sider this an artifact in subsolidus experiments
because of the short run durations asd low tem-
peraiures involved; recently, thenmally equilibraed
subsolidus expenments by Scagle er al, (20)
ohserved stable coexistence of Fe and FeaS o
pressures up o X00GPa. The effeet of MNion the
binary Fe-5 system was evaluated by replacing
36 wi % of Fe by Ni (Fe:Ni = 16:9) This ad-
dinon of i had no effect on the phases ob-
served or the cuteene noture of the system; as
companad 1 the Fe-S svstem, Nioappears o
substitute for Fe in all phases, Nevenheless, the
presence of Ni lowered the cutectic wemper-
murcs at bath 23 and 40 GPa by ~125 K, wiich
widens the liquidus loop slightly by increasing
the 5 content of the cutectic meh by 1 wi %,
Assuming that cutectic emperatures vary lincar-
Iy with Ni conteni, a cosmochemical abundance
of Mi (=% wi %) () will lower the cutectic tem-
peeratee by =30 K, which thus has only a minor
effect on the 5 contemt of the cutecte compo-
sition. The solubility of & i the solid Fe metal
phase mereases with pressure o 25 GPa (/..
However, solubilitics at 23 and 40 GPa in our
Mi-hearing samples were siular (1.6 and L3 wi
%a 8, nespectively )

Lising our data reaching pressures ot the center
of Mars with previous bower-pressure studics, we
are able to draw a temperatune-pressure diagram
for the entire mnge of martian conditions | Fig. 2).
By companing liquidus intersections (Iemperauns

e 23 GPa 40 GPa|
Liquid
Emo
g
% {Fe.Nij+Liquid
]
Fe-5
=
1500 o
— - T
i g {Fe,Mi) + {Fe,NilLS
(Fe.Ni) + (Fe,Ni).S ‘i
0 5 10 1 20 0 5 10 153 20 <25
wins  © wtes g

Fig. 1. Fe-5 and (Fe,Ni)-5 phase diagrams at 23 (left} and 40 (right) GPa. Fe-5 results, squares; (Fe,Nil-5
results, triangles; liquid phases, black symbols; solids, white symbols. The resulting phase boundaries for
Fe-5 (solid blue lines) and (Fe MNik-S {dashed red lines) are shown. Thick black vertical lines indicate the
composition of stable sulfide phases, as indicated along the x axis. Temperatures for melting of pure Fe are
from Boehler (20). Pure Fe-Ni melting temperatures at both pressures are based on the melting depression
from pure Fe of roughly 80 K observed at 1 atm for FegqNiss. The gray shaded region represents the
estimated bulk martian core composifion (1=3). Eror bars (Lo) represent analytical variation and are

indicated when larger than the symbel.
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below which solids will begin o crystalliac) of

vanous cstimated core S contents o arcothenmal
estimaies, we observed that the arcothenms lie o
higher wemperaures, with the exception of the
16wt % 8 estimate (though only near the
corc/mantle boundarv). This observation indi-
cates 2 complele absence of ervsiallisation in
most, 15 not all, of the present-day martian cone.
Although it i mon evidem that crystalliznmm
of the martion core has begun, Mars continues 1o
cool, and the core will undoubtedly solidi iy in the
geological future, The mechanisms of core
crystallization will citically depend on the effect
of prassure on crystallization wemperatunes in the
{Fe Nii-8 system, the ﬁm‘ﬁl‘nmding phise come-
posations, and particulady on the bulk S concen-
trtion of the martian core, Estimates of such 5
contents, obtained by comparing the chemical

compositions of martian meteorites with those of

other promitive meteonles, mnge from L6 o
16,2 wi % (J-3) These concentralions encom-
pass the cutectic mell compositions @ various
core pressures, Liguidus temperatunes of cone

melts are thus substantially lowered, as comparced
with the mehing temperature of pure Fe.

For the mantian core, two different crysiallizs-
tion regimes can be envisaged, depending on
whether the bulk cone composation lies on the kefi-
or right-hand side (ie. the Fe- or S-nich com-
position, relative o the cutectic) of the (FeNipS
peeudocutectic phase dagrom at core prossunes. For
example, assuming a bulk 5 comem of the mann
come of 106wt % (.2, the onset of cnvstalliztion of
an Fe-nich alloy with minor amounts of dissolved S
will oocur once the actual arcothenm falks below
= 1920 K (Fig. 1 Interpalmion of liguidus temyper-
atures for this S content between 23 and 40 Gla
indicates thar the slope of the liquides temper-
it @ A function of pressure is negative, How-
ever, any adiohatic arcotherm must have a positive
temperture-pressure (dT7al) slope (Fig, 20, which
immplies that the covatalliation of core mels with 5
comtents lower tan the cutectic compositions ez,
< 14wt o) st begin at the core/mantle boundary,

To evalume possible consequences for the
evolution of the core under these conditions, the

(M. Gwths

(6. 2175
14 2at%S

3

20 25
Pressure (GPa)

I
£ Caree

ETE] 35

Fig. 2. Effect of pressure on the Fe-S and (Fe,Ni}-5 systems. Eutectic melting temperatures for (Fe Ni)-5
with Fe:Ni of 1006:1 are shown as a dotted blue line. Eutectic temperature inflections around 14 and 20
GPa are due to the stabilization of Fe;S; and Feys above these pressures, Temperatures for liguidus-
loop intersections {i.e., first crystallization) presented in Fig. 1 for core 5 contents of 10.6 (2), 14.2 (3),
and 16.2 (1) wt % are presented as solid black lines. The 16.2—wt % curve has a positive slope because
its S content is higher than the eutectic. The areotherm estimated by Fei and Bertka in 2005 (10)
(FBOS} is presented along with calculated estimates (11) for the core areotherm, based on core/mantle
boundary temperature determinations by Bertka and Fei in 1997 {BF97) (13}, Williams and Nimmo in
2004 (WND4) (11}, and Hauck and Phillips in 2002 (HPO2) (14). The pressure of the core/mante
boundary (CMB), the mantle solidus, and the melting curve of pure Fe (10} are given for reference.

A (10-14 wt% S)
g
hrsiig [FaNi}
| riisal
Crystallizaton

B (14-16 wi% S) 'ﬁn

rd+1FI Mi}

!{Fﬂ,ﬂlh—ﬁ s
(Fe.Ni)

Elutﬁt:b:

Fa,Mi)+ Fa.5
%Fa Ny

(Fe Nl + Fa,5
(Pt i) 5

ave b

Fig. 3. Cross section through Mars, illustrating two possible cqrrtallizal:un regimes for the martian
core, Solid (Fe,Ni), yellow; solid Fe;5, orange; liquid sulfide, red; mantle, blue; crust, black (not drawn
to scalel. (A} Snowing-core hypothesis. (B) Sulfide inner-core hypothesis,

densitics of coexisting solid and liquid phases
were approximeated with cquations of states for -
Fe (22), the Fe polvmorph expected to be stable a
martim core condittons, and Fe-5 liquid with 10
Wl % S (24, 25 The calculanons show that y-Fe =
denser than the cocxisting liquid, having a density
that increases from 9.4 1o 103 ;.u,q:m'1 ACTORS COFG
pressures al 2050 K (28), o5 compared with a
coexisting Fe-5 liguid with a maximuom density of
649 0 7.7 glom? semss cone pressunss over the
femperatune mnge from 1773 w0 2123 K (24).
Thus, any solid Fe-rich phase crvstallizing from
the S-bearing liquid should sink within that liquid,
leading 10 the snowing-core hypothesis (Fig. 3A)L
A similar Fe-snowing-core regime has been
previowsly proposed for the core of Ganymede
12680, Im g eqqui librium situation, these solid Fe-Ni
droplets would nedissolve while sinking, but their
fate also depends on the Kineties of re-meling
amd the vigor of convechon, The functionality of
convective currents bringing the solid precip-
itates deep imo the core along colder downwel-
fimgs can be imagined 1o provide much faster
descent times than those allowable by Stokes”
kiw. As core temperatures decrease with time,
it is possible that an imner Fe-Ni core will form
as a ometastable sedimentary agglomerate of
sinking Fe-rich solids (Fig. 3A) The liquid
portion of the core will then become prognes-
sively enriched in 5. untl finally the core will
complete fs orvstallization from o culectic
bigquid crystallizing both (Fe Ni and (Fe,Nijs5S.

A sccond crystallization regime for the
martian core anses iKhe bulk 5 coment is towand
the higher end of cument estimates (i.c.. on the S-
rich side of the cutectic compasition at core
pressires ). Although our data set is limited in this
compositional mnge, the G slope ol the
liguidus on this side of the cutectic compasi-
tion is steeper, bocause the eutedic composition
miowves away from the bulk compostion as pres-
sure increases. As a result, envstallization will
first oecur at ligh pressures, Unlike Earth, such
martian core mels woukd have compositions on
the S-rich side of the cutectic and thus Tt
oryvstallize an inner core of (FeXi)sS (Fig. 381
The equation of state for FegS (24, 27y indicates a
density increasing from 7.7 1w 8.2 glcm® over the
mriian core pressure range, with no substantial
waration m density between LO00 and 21040 K a
the same pressures (220 The densities caleuled
ahove for an Fe-5 liguid with 100wt % 5 (6.5 o
-7 g-‘cmsr provide maximum values of densities
for all lguids with =10 wt % 5, a5 increasing S
contents will decrease the density. Hence, the
erystallizing { Fe,Niks would nemain at the center
of the core. Removing (FeNijyS from the hgusd
core will cause the residual liguid compositions
o evolve oward the high-pressune cutectic, final-
Iy forming a crvstallizing outer martian core com-
posed of{ Fe,Nijand (Fe,NijsS, with an mner core
composed of (Fe,NijS.

Our data demonstrate that present-day Mars
has a molten core and that a solid inner core can
be excluded from the Early Noachian period (-4
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billion vears azo), when the highly magnetized
highland rocks of the southern hemisphere
formed (7, &) This implies that the Noachian
magnetic leld was penerated by very ngorous
core convection, unlike any thick- or thin-shell
dynamo models applicd 10 modem Earth and
Mercury (27, 281 In the absence of solid core
formation, the cessation of magnetic leld gener-
ation must have boen coused by o dramane
change m the liguel core convedtion regime,
Such a change could be related o0 a decrcase
{with timed of mdiozenic heat production from
potassium decay in the core, or 1o the ermination
of surface tectonics (29), With the onsct of large-
scale cone crvstalliaation, the release of laem
heat, gravitational energy, and compositionally
driven convection may prowide enough encrey o
initite increasad convection within the Iiquid
portion of the core. [t is possible tha this
comvection. over ime, can reestablish a dynamo,
resulting i the generation of o second period
with a stronge global martian maznetic fcld,
References and Notes

1. ¢ Sankoup, A Jambon, P. Gillet, Phys. Earth Planet Infer.
112, 43 (1999}

L

K. Lodders, B. Fegley )., lcarus 126, 373 (1597)

H. Winke, G. Dredug, Philes. Trang R Soc, Loadan Ser. A

325, 545 {1988,

&, F. Sahl, G. Schubert, T. Spohn, | Geaphys. Res. 110,
E12008 {20055,

5. C F.Yoder, A % Konopliv, DU M. Yuan, E ML Standish,
W, M, Falkner, Scence 300, 299 (2003),

6, D | Seevenson, Moture 412, 214 (2001}

7. ML H. Anufa et ol, Science 284, 790 (1999).

8, L E P. Connemey ef oL, Saence 284, 794 {1999),

9. 5 L Solomon et ol, Science 307, 1214 (2005,

10, ¥, Fei, € Berlka, Sciemce 308, 1120 (2005),

11, 1-P. Williams, F. Nimma, Geology 32, 57 (2004),

12, L L, ¥. Fel, H. K Mao, K Hirase, 5. B. Shish, Farth
Plonet, ScL Left. 193, 509 (2001,

13, C M. Berika, Y. Fei, | Geopfiys. Res. § 102, 5251
(1957}

14. 5 A Hauck, K. |. Fhillips, |. Geophys. Res. 107, 5052
2002},

15, D Walker, Am, Mineral, 76, 1092 (17914

16, M. Kawai, 5. Endo, Rev. Soi. dnsrm. 41, 1178 (19700

17. E Mo, A Kubsa, T. Kalsura, M. Akaogi, T. Fujita, Geoplys.
Res Left. 25, B21 (1998).

18, B. Von Platen, in Modern Very High Pressure Technngues,
R. H. Wentod, Ed. (Butterworths, Washington, DC, 1962),
pp. 11B-134,

19, Materials and methods are awailable a3 supporting
material an Scence Cnline.

20, R, Boehler, Mature 363, 534 (15593),

21 Y. Fei, | L, C M. Bertka, £. 1. Prewitt, Am. Mineral. 85,

1830 {2000).

=

REFORTS

22, C 1. Seagle, A | Campbell D. L. Heinz, G. Shen,
V. Prakapenka, |, Geophys, Ret. 111, BO&209 (2006).

23. |. M. Besson, M, Nical, J. Geophys, Res. 95, 21717 (19900

24. P. 5. Balog, B A, Secco, D. C. Rubie, D. ). Frost,
I Geophys Res. 108, 2124 (2003),

25. L. Sanboup ef ol, Geophys. Res. Lert. 27, B11 (20000

26, 5, A Hauck, ]. M., furnow, A, ] Dombard, | Geaplys Res,
111, EOR008 (2006}

27. M. H. Heimpe, |. M. Aurnow, F. N Al-Shamali,
N. Gomez Perer, Eoeth Planet, Sci, Left 236, 542
(2005,

28, A Sakwraba, M, Kono, Phys, Eavth Flanet, Infer, 111,
105 (19945).

29. F. Mimma, D. |. Stevenson, | Geaphys Res. 105, 11969
(2000).

30. We gratefully thank E. o for his insight into multarmd
deesign, as well as his haspitality in Japan. We also thank
A, Jackson for a helplul discusssan of the snowing-tore
madel and twa reviewers for their helplul comments an
the manuscript. This work was supporied by the Swis
National Sdence Foundation (gramts 2 100-066%03 001 and
200020-103722/1),

Supporting Online Material

w5 iencemag orgioglic omlen UTulli3 16/5829/132 D01
Materials and Methods

Figs. 51 1o 53

Tabde 51

References

29 January 2007; accepted 11 April 2007
10,1128 s kene. 1140549

Physical Model for the Decay and
Preservation of Marine Organic Carbon

Daniel H. Rothman™ and David €. Forney™®

Degradation of marine organic carbon provides a major source of atmospheric carbon dioxide,

whereas preservation in sediments results in accumulation of oxygen. These processes involve the
slow decay of chemically recalcitrant compounds and physical protection. To assess the importance
of physical protection, we constructed a reaction-diffusion model in which organic matter differs
only in its accessibility to microbial degradation but not its intrinsic reactivity. The model predicts
that organic matter decays logarithmically with time t and that decay rates decrease approximately
as 0.2 = ™" until burial, Analyses of sediment-core data are consistent with these predictions,

carly hall’ of Earth’s primary production
Nu-r' organic carbon oocurs in the oceans

(1. Onee fixed, this reduced carbon im-
mediately enters the manne tood chain, where
nearly all of it about 99
oxidized back 1o C0s via heterotrophic metabo-
Tisam . 20, The rermainder escapes degmdation and
is immaobilized in sediments (24, Wheneas deg-
radation mtes miluence ammosphenc and oceanic
concemrations of COs at shon time scales, burial
rates influence O concentrations at long | peo-

15 eventually

logich time scales (5, 4, Moreover, the impact of

this slow leak from the biological w the peo-
logical carbon cvele extends well bevond Os. For
example, the burial of organic carbon i a natural
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form of carbon sequestrtion (5) that can lead 1o
the formation of petrobeum (61, and Os accumu-
lated as a consequence of burial must have pre-
ceded the evolution of complex lite dependent on
aerobic metabolizm (7).

A findamental ursderstanding of the rates of
decay and burial has been clusive, however, A
centml paoblem is that there appears © be no
single rate that chamcterteaes the microbial decay
of organic matter (¥, ¥ Indeed, a pronounced
slowdown in respiration rates, as organic matter
falls through the water column and degrades in
sediments, has been unambiguously documented
at time scales ranging from davs to millions of
vears (M, 11 However, the mechansms e-
sporsthle for this slowdown and their relation, if
any, 1o the small fraction of orgamic matter that is
preserved im sediments remain unresolved.

Many hypotheses have been proposed,
Roughly speaking, these appeal to either cheme-
istry or phvsics. The chemical scenarios tvpically

wseribe the slowdown 1o changes in the chemical
composition of organic matter. In probably the
simplest such formuolanon, mimnscally ughly
reactive “labile™ organic carbon is consumed st
wndd then followed by less reactive compounds.
The most recalcitrant organic compounds—Ffor
cxample, algacnans—are then “schectively pre-
served” (12, 13). An aliemative hypothesis sug-
gests that recaleitrance is ultimately not trmeeable
o biosyvnthesis, [t mstead results from random
repolvmenation and condensation of o smoll
nomselective set of imcomplately degrded but en-
aymatically depolyvmenzed compounds, wiich,
over time, constitute an increasingly laree frac-
tiom ¢ the remanmg orgne matier ().

The physical scenanos attnbute the slow-
down and burial 10 some fom of physical pro-
tection. This reasoning follows in pan from
ohservations showing a sirong comelation between
the concentrtions of organie carbon and clay
particles § /4] or minenl surlace arca ({5171 mn
sediments, suggeesting that some physical prop-
arty ol the sediments themselves is promoting the
presenvation of onganic matter, Funther evidence
of physical protection comes from observations
indicating that the chemical composition of
onganic matter changes little as it sinks o the
sei Noor (/) and from experiments suggesting
that when apparently recalciirant orzanic matier
is physically separaed from its mineral matris, it
ecomes “labile™ and is rapidly comsumed (1)

Both chemical and physical mechanisis must
play a role, but they have oot reccived similar
Mlenbon m gquanttative models, Whensas inton-
s neactivity B commonly invoked (X, 9, 200,
cxplicin consideration of physical mechanisms
has been rane (211 To address this, we construct a
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theoretical model that purposely assumes an
extreme case in which the chemical composition
of organic mater i uniform. Degradation and
preservation rates instead derive only from the
phivsics of diffusion-limited reactions - ponous
media. As we show below, this simple theory
provides predictions that are quantiatively con-
sistent with a variety ol observations, theneby
sugeesting than physical mechamsms play an
important mle in setting both degrwdation and
preservalion mics,

Chur model assumes that organic mater is
randomly distributed on the mineral surfaces of a
porous medium populsted by mndomly distinb-
uted heterotrmoplue hacteria (Fig. 1k We assume
that the typical bacterial spacing ey ~ 1 12 -
sociated with the bacterinl number density nis
much greater than the tpical pore siee of the
porous medinm, consistent with imoges olvained
by microscopy [ 220, Spatial averaging of the po-
roass mcdivm at o scale greater than the pone size
but less than ry, then provides a continuum ap-
prosimation i which cach microbe is embedded
in a smooth porous medium chamctenzed by iis
void fraction {porosity ) 6.

The decay of a particular parcel of oranic
rmatier 15 assimed 0 be himited by its accessibil-
ity o hydrolvtic eneymes. “Accessialing™ is as-
socigted with grain boundaries, [0 s imterpreted
phvsically as the frequency £ with which a mine
eral surface encounters a dilfusing emeyme. We
asswme thant f1s proportional © the concentration
o of functional eneymes i the pore Tuid near the
mineral surface, and that cnevmes bose their
functionality at rate a. Otherwise, © is conserved
and diffuses within pores with diffusivity £,
Averaged over lengths much greater than o pone
size, the volume-avemged concentrtion © = bo

Fig. 1. Schematic illustration of the main features
of our model. In a porous medium characterized by
its porosity «, organic carbon {oc) is associated with
the surface area of dlay {c) and other minerals, Ex-
tracellular enzymes are emitted from randomly
distributed bacteria (h), diffuse through the medi-
um, and hydrolyze organic matter upon contact. For
simplicity, diffusive paths show only first encounters
of enzymes with solid surfaces; later encounters
occur until enzymes become inactive, at a specified
rate o1, Except for the random distribution of bacte-
ria, each of these features s contained in a more
detailed model proposed by Vetter et af, (21},

of active enevmes theretone evolves according o
the reaction-diffusion equation

fyF = DV*c - up {1)
where D is the cffective diffusivity in the po-
rous aggregale,

A complete treatment of this problem would
requine coupling the diffusion of ¢ w the diffusion
ol organic matter hvdrolyveed by its contact with ©
along with the consumption of bydmlysate by
bacteria (241 It would also include coupling the
production of cnavmes to cnerey gained from
lydrolysate. We simplify our analysis, however,
by assumming that the decay of organic matier is
rate-limited by vdrolysis, and that the hacterial
population density and the flux of cnevmes
enunating from cach microbe is constant. We
then set local decay rates & o fand assume that
the appropriate solution of Eq, 1, cird o e
whiere » is the distance from the nearest microbe
and f = (o) 012, suffices 1o determing § from
the relation oo ¢ These assumptions conne-
spond to o guasistaiic lmit i which enevmes
diffuse much faster than microbes, lydrolysis
is diffusion-limited, and the porosity & is constant.
They also mply that decreases i hydmolysate
production represent a decreasing surplus. Al-
though such excess solubilization suggests in-
efficiency a carly times, it is consistent with
previs model caleulons (20 and observa-
trns of effluxes of dissolved orgame matier from
marine scdiments (23 and sinking  orzanic
aggregates ( 4],

These simplifications allow us 1o express the
temporal decay of the woal concentration of or-
zanic matier, gif), as a continuous { 20} superpo-
sition of lirst-order reactions (8, 9) weighted by
the concentrition plkt) af of oganmic matter as-
sociated with rae & at time £ Ouwr formulation
depends on two phenomenological parameters:
a characteristic concentration gy oo w00 arising
from the requirement that @) = ,rpik.llm’k.
andd s minimum reaction rate by ssociated with

the tvpical distance (#y) between microbes, As-
suming that &g 5 much smaller than the (maxi-
mum} reaction rate adjpcent 10 microbes, we
ot the approximation (supponing online wext)

a
| 2
2" (1)~ o BSk® = Ei(1), T2 Tenin
il
12)

Where T = Kpinh £* = Mg 258 = 200 2.
1 T = Fnfien 15 the dimenssonless finie mme
wsociated with the initiation of obscrvable decay
m dimensional Hme ! = fyg (Le. I 8 cone-op
samplel. Eguation 2 s a special case of the ne-
active continuurm models inroduced vy Boudrcau
mnd Ruddick (200 Its particular form, which de-
fines the exponential imegral £y(1) (25), denves
from its conmections to the reaction-diffusion dy-
namics of Bq. 1.

For t== |, an asymptotic expansion ol Eg. 2
predicts that g*(t) decavs logarithmically (25k

gt~ -y - Int, Tl =T 1 (3)
where y = 05772 .. 15 Euler’s constant. The
characteristic time © -~ 1 {L.e, 1 ~ .f.-.;L'-m} marks the
wermmmation of the logarnhmic decay. Bocse
subsequent decry proceeds slowly, as o Ve (25),
we interpret f - gL s the approximate time of
burial and the elfective cessation of degrmadation.
Consequently glk ) = 2085 1) approximates the
bural concentration and gyl Vi, where
P 15 the ohserved concentration it £ = b,
approximates the burial efficiency, Assuming

IN Toan <= ¥, Eq. 3 implics 2*(Tnin) = —IN Tim
mnd theretore (supporting online text)
L 1 I
_ — — (4}
Bwax  In(hppetmin) B

The second relation derives fiom by, o ¢ P,
and the assumption that fey, == 1. I approcimates
bural efMciency [neglectng the Gctorol £(1) =
0.22] by the mtio of the diffusion length {§7" 1o the

05

g (%Cyy)

25 3
log, ot tye)

15 2

-0 -8 4 £ B

)
Ink b

Fig. 2. (A} Concentration {weight %%b of organic carbon {filled circles) from Pacific-Antarctic Ridge
sediment core 7812-05 of Reimers and Suess (32). The theoretical curve (smooth line) correspends to
Eq. 2 with logyg kpin = 5.1 {year"il and gy = 0.02 (%Cyyg). {B) Rescaling of 23 cores (287 paints
total) with respect to dimensionless ases In k.t and gfge. Each core correspands to a different k., 70
pair. Different colors and symbols cormespond to different cores. Red corresponds to cores underlying

anoxic environments,
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hacterial spacing ry. In conjunction with the firs
refation, it also shows that as 4y, increases (with 3
] iy cOnstant ), £y, decreases exponentially
reflecting the longer degradation times  asso-
ciated with lower microbial population densitics
and less efficient burial,

To test these predictions, we assembled a
database of 23 published analyses of dated sedi-
ment cones that span a wile mnge of environ-
mental settings, from the deep occan to shallow
waters, and from acrobic o anoxic condibions at
the sediment-water imterfiace (table 51). Each data
sl provides measurements of the bulk concen-
tration gy of paniculate organic carbon at time 1,
where £ is obtained by dividing depih by the
average accumulation mte By of the overlying
sediment. A least-squares ol each core o Fq. 2
provides a comparison between theory and
observation along with estimates of the parume-
Lers Ky o gy supporting online lext).

Figure 2A shows duta from o single core
bencath oxveenated waters, In this case the fin,
which i generally good. vidds a value of kg,
that is much less than the inverse of the fime
mssociated with the base of the core. Thus, the
resulting theoretical curve is nearly identical
to the asvmptotic logarmhme decay of Eq, 3.
Figure 2B shows the data from all 23 cones,
after rescaling the gamd f axes by the estimates
of o and S mespectively, that denved from
cach it The data generally show a reasonable M
to Eq. 2, melwding some evidence of dimimish-
ing decay res near £ ~ &

Figure 3A displays the 23 cstimmes of the
paired parameters Ly, and g One sees that the
corcs underlying anoxic waters arc associated
with highet burial concentmtions (= gp) and
carlier termimations (i.e., higher fpapd. The
otherwise apparent disarmy of the data, however,
sk the relation between Ky, and gy predicied
by Eq. 4. Figure 3B compares this prediction to
cach of the o, L pairs of Fig, 3A. The zood it
denves from the conssiency of the deprdation
data with the theorencal model of Eq. 2.

Figure 3B also shows that the variation of
o/ e 15 noL laree and that thene is a tendency
for both oxic and anoxic cores o cluster around
the mean (2o, Thus, in Fig, 3C, whene we
plow the burial Mux Py versus the Qux w the sca
Noor Mg we lind a good 13 10 a straight line
with a slope of unity in logarithmic coordinates.
Adtbough anoxia appears o have e nfuence
om bumal elficiency (26) (Fig. 313, it s associaned
with a higher bural Mux (Fig. 3C), which is i um
proporional, on averge, o the Nux 1o the sea
floor, Insertion of the constant of propan ionality,
(B0t = (LIS, into Eq. 4 then vields the mean
{Pey = 3.6, with all values of by, between 2.2 and
115, The nomow mnge of g, = -::J,-'E:ll".zn, it
be related 1o the apparent constancy of bactenal
abundance with respect to fuid volume (275 1Nwe
assume L = a2 (280, this ronge s also consistient
with the mawral vanation of the dimensional
constmms o, ry. £ and & (205, but it sugoests that
(g ¥ = 5.6 is atvpically large, We therclore
hypothesize that the effcctive dilfusivity D <=
af2, because of sorption of enzyvmes 1o mineral
surfiaces (9, 29, shielding of organic makier { /)
in clay-rich microcnviromments ( 22), or both.

Finally, we rewm to the slowdown ol nes-
mimton rates discussed im0 the miroduction.
Middelwrge e el (20, 47) have shown that the phe-
nimenological effective rme AN = —dln g/dr is
well it by the power law K = 021 = R an.
Their it holds over neady 100 orders. of mag-
nitude and inclwdes water-column sediment-lux
data in addition o analyses of sea-floor sedi-
ments. Figure 4 shows a similar analvsis with the
23 cores in our database. Herc, rather than
numerically estimating g d from noisy data,
we calculate it analvtically from Eq. 2. Conver-
sion hack o dimensional variables then viclds

K(D) = ( = Neosxrt (5
fl==| e | =[] 23 [ -:_ i
4 ¢ fl—ji-‘.'mhﬂi) :

The approximuation 15 oblamed by averaging

the logarithm of the slowly varying factor in

REPORTS

parentheses over Inf. between the average
minimum and maximum values of I dgad
(6093 and - 319, respectivelvh s excellent
correspondence o Middelburg's expression
s notable, not only becouse 1t s denved with-
out any free parameters. but also because it
indicates that our analysis may also apply o
the decay of orpanic matber as it sinks, ac-
companicd by ballust minerals (309, w the sca
flosor,

The picture that emerges s one in which the
decay and preservation of marne organic matier
are strongly influenced by physical constriints.
In our model, physical protection (2, [3-19)
e ifests itsel Cas spatially varving reactivity that
decavs mpidly with distance from the neanst
microbe, with a charmctenstic length scale (f 1
that depends on the active litime of mzymes

0
-8
S
x 4 R
]
g
-6
) 2 4 6 8
log ot 1

Fig. 4. The effective time-dependent reactivity
Kifh = —dlng/dt. Symbols: & computed from Eg.
5, with estimates of kg, obtained from the fits
of Fig. 2. Symbols and colors in both figures
correspond to the same cores. Straight line: the
theoretical approximation ¥ = 0.23 =t~ of Eqg.
5, obtained without any free parameters. The
rightward trends away from the line represent
the slowing of rates as t approaches o

1 - 0.5
® oxic ® oxic .
051 ™ enoxic L W anoxic "
' 041 —thaary E
uu ot u EE—Z
[ 0.3
£ -0.5 & gg ® g g
[=]
% e 8 @ 02 1 &
n =1t @ -] . = =4
g . P ? @ ]
—1.5 L T 0.1 1 &
A B c
=g q &
8 -7 -5 -5 2 12 10 - -6 -2 5 =4 =3 =2 =1 0
158K [1447) LR 108,V 8,rg, (%C, My}

Fig. 3. (A) The 23 k. o9 pairs used to rescale the data of Fig. 2B. The
cores underlying anoxic waters (red squares) are associated with higher ks
and gg. (B) The same ki, go pairs plotted with dimensionless rescaled axes
Folfmax &0 I ket . The vertical axis is proportional to burial efficiency,
The smooth curve is the theoretical prediction of Eg. 4, which contains no
free parameters, (€ Log-log plot of the sediment fluxes Vg versus Vigmas

wwwesciencemag.org  SCIENCE  VOL 316

where Vg, is proportional to the burial flux of arganic carbon and Vg, is
an estimate of the flux to the sea floor. The straight line corresponds to ga =
{ Do/ Dmax Gmae Where (Go/fma = 0.18 is the mean burial efficiency mul-
tiplied by E4(1) = 0.22. The correlation between log Vg and log Vi, ©
only marginally improved (from r = 0.97 to r = 0.99) by the common factor
of the sedimentation rate V. See fig. 51 for a plot of g versus gmas.
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and their cffective diffusivity, Because this
mechanism appears o be general, it seems likely
that it should apply o other contexis, such as
soils (37), where fmely divided moedia resirict
micredial maoility.
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Origin of Human Bipedalism
As an Adaptation for Locomotion on

Flexible Branches

S. K. S. Thorpe,™* R. L. Holder,” R. H. Crompton®*t

Human bipedalism is commonly thought to have evolved from a quadrupedal terrestrial precursor, yet
some recent paleontological evidence suggests that adaptations for bipedalism arose in an arboreal

context. However, the adaptive benefit of arboreal bipedalism has been unknown. Here we show that it
allows the most arboreal great ape, the orangutan, to access supports too flexible to be negotiated

otherwise. Orangutans react to branch flexibility like humans running on springy tracks, by increasing
knee and hip extension, whereas all other primates do the reverse, Human bipedalism i thus less an
innowvation than an exploitation of a locomotor behavior retained from the common great ape ancestor,

fundamemal question i human evolu-
tion i how modem humans and their
ancestors (hominins) became temestrial

bipeds. The acquisition of habitwal ferresirial
bipedalism is generally taken 1o mark the
separation ol the bommins from the panmins
(chimpameees, bonobos, and  their ancestors,
which form the rest of the homimine subamily),
It 15 widlely held (/) that because the panins and
the more distantly related gorllines (gonllas)
move on the pround b gquadrupedal horizontal-
trunked knuckle-swalking, pre-bipedal hominins
must also have passed through a terestnal

‘eohool of Biosciences, University of Binmingham, Edgbaston,
Birmingham B15 211, UK. *Department of Primary Care
and General Practice, University of Birmingham, Edgbaston,
Bimmingham B15 211, WK *School of Biomedical Sciences,
University of Liverpool, Sherrington Buildings, Ashton
Street, Liverpool L9 3GE, UK,

*These authars contributed equally to this wedk,

1To whom comespondence should be addressed. E-mail:

rhorom p@liv.ac. uk

knuckle-walking phase, Numerous  hypotheses
have competed 1© explain how this happened
|see, for example. review in (2], However, it has
become apparend that before 2 to 3 million years
ago (Ma), early hominins oceupied woodland
envirmmnents, mol open or even bush-soyvannah
envirmments [such as sites including Allia Bay
(30 Armmis (), Assa lssice (51, and now Lactoh
{69] and that although hominin hindlimbs mpidly
became adapted for temestnial bipedalism, they
retained long grasping forelimbs, which are mone
obviously relevant inoan arboreal context ().
Both facts are mave comsistent with an arboreal
ongin for ipedalism, Indead. bipedal adaptations
mav antedate pencrally accepled dates for the
genetic separition of the hominins and panins
(7). Here we argue that hand-assisted bipedalism
albowws the most arborncal great ape, the omngutan,
o mowve on Nexible supports that ane otherwise
too small o pecess. This seloctive advantage woukd
cqually have benefiied the common crown-
hominoad ancestor (the ancestor of living apes),

s0 that hand-assisted arboreal bipedality s both
kinematically and coologically a more parsimo-
mious precursor o hominm pedality than s
terrestrial quudrupedalism,

I the trees, pronogmde (horizontal) postures
are much less domunant i pamin and gorilline
locomonon than they are on the ground, but or-
thogrde (upright ) postures are commaon W many
twpes of arboreal gait (¥, For example, it has
been argued that pattems of motion and muscle
activity in vertical climbing (such as climbing up
and down ree tunks) may have been exaptive
{prepared the body) for the adoption of terestnal
bipedalism (91 Although the weso s orthogrde
i vertical climbing, maximum joint extension m
the hindhimbs Galls well short of the full exiension
seen in human bipedalism, as indecd is the case
i knuck ke-walking, Crverall, both behaviors scem
10 be highly unhkely precumsors for habitaal hu-
man bipedalizm d £0), Building on an carly obser-
vation {f£) that orangwtan momphology is in many
wpects smkingly like that of hominins, we pro-
posed that “onbograde clamber” which is most
frequent m orangutans but seen i all apes, was o
kinematically more parsimonious precursor for
bipedalism (f0), Although the tunk is onthograde
in this behavior, body weight is predominantly
bomie by the forelimbs suspanding (mom suppons
ghove the head. All apes also exhibit briel bouts
of arboreal bipedalism (£2), but in panins and
gorillings the hindlimbs are flexed mther than
stright @ they ane in the bipedalism of humans
and orangutans (compare, for example, the orang-
uian and chimpanzee in Fig. 1. A and D

Despite the umiversal presence of arboncal
hipedality i the apes, it s difficult w envisage
selective pressures Tor bipadal locomotion nan
arboreal context, In chimpaneecs, postural biped-
alism i associated with arboreal feeding on rela-
tively stable branches =10 em in diameter, in a
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similar manner to their foraging from the grownd
for fruit on bow branches (/3). Given the static
nature of bipedal postune, energetic cosis, safety
risk, and hence selecive pressures ane likely to be
weaker on it than on bipedal locomotion. Large
stable branches are also relatively unchallenging,
However, predictions suggest that locomotion on
slender unstable branches should be dominated
either by onhograde suspension |which imcreascs

stability by placing the center of muss (COM) of

the body dircetly under the suppon (f4) (Fig.
1)) ar by “compliant”™ quadrupedalism [which
involves substantial increases in elbow and knee
flexion, smaller vertical excursions of the COM,
and lomger contact Wmes as compared 1o those in
other mumimals taveling at dyoamically similar
specds, o maximize stabality and elficiency (£5),
and 15 similar 10 the posture i Fig, 1B but with
greater fore- and hindlimb exion |,

An alternative hvpothesas is that bapedal loco-
ot might confer substantial selective advan-
farges om arboreal apes (including crovwn hominoids
and protohominins), because ther long prehen-
sile toes can grip multiple small branches and
thus maximize sability, while frecing one or bith
hands for balance and weight ransfer. We tesied
thes hvpothesis by detemmming the mpact of sup-
port Resabality on orthograde suspension, quud-
rupedalism, and bipedalism in the Sumatmn

omngutan (Ponga abelii), the only specics of

et ape o netain a predommantly arboreal lite-
stvle (Figo 1) Although omnguims may have
refmed their arboreal adoptations since their
evolutionary separation from other great apes,

recent studics have shown that the mechanics off
omngutan bipedalism are more similar 1o those of

modem humans than are those of panins and
gorillines (), Orngutan locomotion s thus an
imporiant model or reconstructing the carly evo-
lution of bipedalism (/1)

Duning a vear-bong Hekd stody of wikd Suma-
tran orangutans in the Gunung Leuser National
Park (3°41°N, 97°39°E), we obunned 2811 ob-
servalions of orangutan locomotor bouts, includ-
ing infsmmation on support diameter (2 cormelate
of flexibilityd and whether single or multiple
supporns were used, We performed a backward-
climination log-lincar analysis on these vanables
(table S1). Log-linear analvsis s designed for
analysis of the categoncal varmbles ofien ne-
quimed m ohservational Aeldwork, and it works
by comparing observed frequencics 1o theoret-
tcally expected values predicted by the models,
The backward-climination process begins with
the most complicated model (in this case, a thnee-

way msociation between locomation, number of

supports, and support diameter) and temtively
socks the most imponant associations, deleting
those that have keast effect on the model [see (f6)
for full methods ). The final model derived with
this mothod (Tables 1 1w 37 shows that the
modality of orangutan Jocomotion was asso-
cimted with both the diameter of supports wsed
and with their number, Bipedalism was strongly
associted with locomotion on multiple supporns

wwwesciencemag.org  SCIENCE  VOL 316

(Table 2) and with locomotion on the smallest
support diameters (Table 3, <4 cm, and combina-
thonns ncluding <4 em) In contrst, quadruped-
alsm was more associated with locomolion on
sigle (Table 2) Jarge (Table 3) supports, whereas
omhograde suspension tended 10 be posiively
associated with the middle-diameter supports (4
to 10 el

Clur results ane conststent with the prediction
that bipedalism allvws omngutans © move on
multiple supports that are more slender, and
hence more defommable, than does quadnupedal-
ism or even onhograde suspension (Table 3. This
confimes our hypothesis that bipedal locomaotion
can confor selective advantages on arboreal apes
andl contradicts predictiions fhat unstable suppons
are always best novignted using  suspenson
[ocomotor modes (840 or compliant quadniped-
alism (/5).

I T3% ol the observed lpedal bouts m our
study, orangutans used ther hands for sabaliza-
tion, and in =90% of bipedalism on smgle and

-
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multiple suppors, they used extended hind limbs.
The latter comrasts further with the flexed-limb
gait of monkeys and other apes, including panins
and gonllines, which adop the same hindlimb
posture i bipedalism as m guadrupedalism and
which have limited balancing extensor foree ca-
pacity at the hip and keee (7). However, stright-
limbed bipedality is charactenstic of normal
rmodem human walking, where it reduces the joam
mements reduined o exent locomotor forces and
aables enerey smvmges by pendulumbike rans-
formations between potential and Kinetic energics
(/&)L Straight-limbed  bipedality in orangutans
must similady reduce required joint moments,
bat the extent o which it may otherwise cnable
ey savangs 15 vel 1o be demonstmted,
Locomotion oo lexible branches 1 safer f
supported from above as well as from below, The
advantage of hand-ossisted bipedality is thar the
hand assistance ensures maximum safety while
the bipedalism enables m unloaded hand w reach
out o foeding, weight transler, or balance in the

Fig. 1. Key positional behaviors in orangutans and a comparison with the chimpanzes, (A} Assisted
bipedalism, (B] quadrupedalism, and (C) orthograde suspension in Sumatran orangutans. (D)

Assisted bipedalism in a chimpanzee.

Table 1. Associations between locomotion, support flexibility, and the number of supports used by

orangutans. OF, degrees of freedom,

Log-linear model expressions Partial #2 DF Standardized
{variable relationships)t #* (y*IDFI}

Locomotion = suppart diameter 186.02 12 15.50

MNumber of supports x support 515.93 L] 85.99
diameter

Locomotion = number of supports 36.05 2 18.03

flikelihood ratio 3° = B.91, DF = &, P = 016, 0 = 932 ohservations, & signilicance value of P = 1 for the likelihood ratio 3 *
indicates a perfect fit of the model's predicied cell counds io the observed cell counts, but values =005 are sgnificant. $The
relative importance of assodations is indicated by the rank of the standardized ” values.
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peripheral branches, where the majonty of pre-
ferred foods are situmed and where primates must
cross between tree crowns. Effective gap-crossing
behaviors are highly advantageous for primates,
because crossing rather than circmmventing gaps
in the canopy can dramatically reduce the ener-

getic costs of ravel, especially where a change of

height within the tree would otherwise be
required.  land-asssicd  Jocomotor bipedality,
addopted under these strong selective pressures,

seems the most hkely evolutionary precursor of

stright-limbed human walking. This proposal is in
accord with the conclusions of a comprchensive
assimilation of studies of fossil morphology,
cormputer modelng, buman skelewl development,
and expenmental studics of hurman excencise plivs-
wlogy (F9), supresting that, despite differences

from s m body formn (such as the retention of

bong anms), the best-known carly hominin, dese-
fapitheoes afavensis, would have boen a quite
ellicient upright biped, over shont distances,

We therefore speculate that from the gen-
erlieed orthopmdy (subsuming straight-limbed

hipedality and onhograde clamber) of the hyvpo-
thetical commeon ancester of the great apes, the
locomotor repertoine of Alriean apes diversified
a5 4 response o lorest canopy [Feementation
events dunng the Miocene, while in Southeast
Asia omngulan ancestors became more spe-
cialized for, and restricted 0. shrinking closed-
canopy forest that could be wmversed o canopy
level, In Adrica, forest fragmentation: abermaied
with reclosure and reinvasion of gallery forest,
manst woodland, and minforest enyimomments (23,
In both panins and gorillines, the height mnge
and frequency of vertical climbing locomotion
must have increased 1o fcilitate access o pre-
ferved foods in the main and cmergent canopy
and crucidly abso o Billback temestral food sources
(200 bt ae difTerent tmes (2 and m different for-
esl types. Although the charmcteristic hindlimb
and forelimb joint excursions in vertical climbing
are markedly different rom those in stranght-
Tirnbsesed bapeedadisim, they are actually kinematically
stmilar o those i knuckle-walking quadmipedal-
psm £ [both use relatively extended elbows but

Table 2. Contingency table for model interaction: locomotion = no. of supports. Entries show row
% and (column ). For example, 6%.2% of all quadrupedalism was on ane support, and 41.5% of
all locomotion on one support was guadrupedalism. Standardized cell residuals (SCRs) are in italics.
These indicate by their sign whether an interaction is more (positive values) or less (negative values)
comman than predicted by the model and, by their size, to what degree. SCRs greater than 2.0

indicate a lack of fit.

No. of supports Total
1 =1

Quadrupedalism 69.2 (41.5) 30.8 (28.9) (36.6)
1.94 -24

Bipedalism 29.1 (6.0) 70.9 (22.9) {12.6)
=44 55

Orthograde 63.1 (52.5) 36.9 (48.2) {50.9)
SUspEnsion 0.6 -0.7
Total 611 38.9

Table 3. Contingency table for model interaction: locomotion x diameter. For an explanation of
Table 3, see legend of Table 2. Diameter classifications include single and multiple support use;
therefore, the diameter classification “<4 cm” combines bouts where only one support of <4 cm
was used and bouts in which more than 1 support of <4 ¢m was used,

Support diameter Quadrupedalism Bipedalism Orthograde suspension Total
{em?)

=i 16.3 (7.0) 22.4 (28.2) 1.2 (19.00 {15.8)
-4.1 34 18

4-10 20.4 (18.2) 12.5 (32.5) 67.1 (43.00 (32.6)
4.7 o 4

10-20 51.4 (32.0) 6.1 (11.1) 425 (19.00 {22.7
3.6 —2.6 -1.7

=20 80.2 (27.3) 4.3 {4.3) 15.5 (3.8) {12.4)
7.8 -2.5 =53

<4, 4-10 28.7 (8.5) 19.8 (17.1) 51.5 (110} {10.8)
-1.3 21 0.1

4-10, 10-20 52.5 (6.2) 5.0 (1.7} 42.5 (3.6} 4.3
1.7 -1.3 -0.7

=i, 10=20 25.0 (0.9) 50.0 {5.1) 25.0 {0.6) (1.3)
=0.7 37 =13
Total 36.6 12.6 50.%
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flexed knecs, shoulders, and hips (movies 51 o
53)). Adaptations o venical climbing in the
panins and gorillines would therefore have in-
creased the likelihood of gquadrupedal knuckle-
walking becommg selected as the least inefTiciem
focomotion for crossing between trees on the
pround. Selection for forelimb and hindlimb
foree over the wide, but relatively Mexed. anges
of mation necessary for safe (21) and effective
vertical climbing may then have comproamised
existing adaptations  for sufl-legged arboreal
hipedality (compare Fiz. 1, A and D) and hence
cfficiency in temestrial and arboreal bipedalism.
In comtrast, hominins, relaining existing adap-
Elions for straight-legged  bipedalism, -
heed canopy aceess by moaximizing lip and
knee force over small bt melatively extended
rnges of motion (f 7, 220 1o exploit the potential
ol the comtinuous stable terrestrial milicu for rap-
wl bapedalizm.

This hypothesis provides an adapive context
for morphological  adaptations o orthogrady,
such as lawml stffhess of the lumbar spine,
found in crovvn hominodds between 9 and 11 Ma
[Dvvenpithrecis laictans amd Oveopithecns (23))
and from 16,7 Ma (25) 10 as much as 21 Ma
(24) I fossils assigned w Monstopithecus (24)
[or Lgandapitheens mafor (231 I lunher ex-
plains the universal presence in living apes of
featres adaptive for vertical tunk (orthograde)
posture amdd highly obducted  postunes of the
forelimb 1 26), Owr hypothesis 15 consonant with
paleoenvironmental evidence that both proto-
hominins close to the chimpanzee human diver-
pence (such as Cvmrin and  Andipitfecis) and
undoubted homining | Auwstadopitheons anamen-
s (=4 Map and Awstalopithocns afavensis] lived
in relaively wooded hobitats (36, 270 It helps
resclve the apparent parsdos that Awssorefegndhe-
aus amamensis and Awstralopithecus afioransis
combine (F) hindlimb features adaptive for
terrestial bipedali=m (such as an ankle joint that
wllows pamsagital motion of the leg over the
stance Too) with the retention of long, highly
shductable forclimbs adaptive for reaching for
arboreal supports |[rather perhaps than for sus-
pension per se (12, 26)], It funher explains the
apparent adaptations lor bipedality evidenced in
protohominins dating o 5w 7 Ma, which is close
tor o even amtedating accepted dates for hominin
panin divergence (7). These include claims for
a cranium placed directly above the vertebral
column i Salelanthropus feladensis [(28),
but see (29)): habitual and marked hip ex-
tension in Orrorin fegenensis (27); and mor-
phological features of the proximal pedal phalans
of the =3-Ma Aramis protohominin, assigned to
Arcdipithecus ramids Eacabba (4, which imply
the early evolution of a propulsive mle tor the
toes in bipedality.,

Contrary w0 the hypothesis tha quadrupedal
knuckle-walking as i paning or gorillines was the
meesiml Afncan ape locomotor behavior from
which hominin bipedalism evolved (/). we sug-
pest that in bocomodor diversification within the
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Adcan ape clade. it is the panms and gonllines tha
innovated and the hominins that wene conservative,
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Genome-Wide Association Analysis
Identifies Loci for Type 2 Diabetes
and Triglyceride Levels

Diabetes Genetics Initiative of Broad Institute of Harvard and MIT, Lund University,
and Novartis Institutes for BioMedical Research*t

Mew strategies for prevention and treatment of type 2 diabetes (T20) require improved insight into
disease etiology. We analyzed 386,731 commaon single-nucleotide polymorphisms (SNPs) in 1464
patients with T2D and 1467 matched controls, each characterized for measures of glucose
metabolism, lipids, obesity, and blood pressure. With collaborators (FUSION and WTCCC/UKTZD),
we identified and confirmed three loci associated with T2D—in a noncoding region near COKN24
and COKNZE, in an intron of IGF2BP2, and an intron of COKAL I—and replicated associations near
HHEX and in SLC30AS found by a recent whale-gename association study. We identified and
confirmed association of a SNP in an intron of glucokinase regulatory protein (GCKR) with serum
triglycerides. The discovery of associated variants in unsuspected genes and outside coding regions
illustrates the ability of genome-wide association studies to provide potentially important clues to

the pathogenesis of common diseases,

vpe 2 diabetes, obesity, and cardiovascular

I risk factors are caused by a combination
of penetic susceptibility, enviromment, be-
havior, and chance. Whole-genome association
studies (WGAS) offer a new approach 10 gene
discovery unbiased with negard 1o presumed
functions or locations of causal vanants, This
approcich s based on Fisher's theory for additive
elfeets o common alleles (1 human heteroey-
posity being substantially atnbutable 0 com-
mon ancestral variants () and the hypothesis
tha varimts influcncing common, latc-onset dis-
cases of modemity may not have been subject

*Ta whom correspondence should be addressed: David
Altshuler, Le¥ Groop, Thomas E. Hughes, E=mail: altshulerg
moibio. moh.harvard.edu (DAY leif groopd@ med.lu.se ILG);
themase. bughes @navartis.com (1.EH.)

TAll authors with their contisbutions and affiliations appear
at the end of this paper.
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o puritving sclection, and has been made pos-
sible by genomic advances such as the luman
enome sequence, SNP and HapMap databases,
and genetvping arrays (3L

We studied 1464 patients with T2D and
1467 controls from Finland and Sweden, cach
characterieed for 18 clinical raits: amhopomet-
ric measures, glucose wlerance and insulin se-
cretion, lipids and apolipoproteims, and blood
pressure, The samples were both population-
based [1022 T2D cases and 1075 cuglycemic
controls, matched on gender. age, body mass
index, and region of origin] and family-based
{326 sibships discordant for T20: 442 cases and
392 cuglveermic conrals; tables 51 and 52

Gienotyping of 300,568 SNPs was aftempied
in each sample, Overmll call mte for passimg
SMPs was 99.2%, After filtering rane and mono-
morphic varianis (v = 6969 SNPs) and

applyving stringent qualitv-control lilicrs, high-
quality genotvpes for 386,731 common SNPs
were obtmned (4). To extend the set of putative
Gl alleles wsted Tor ssocation, we devel-
oped 284,968 addimonal mulimarker (haplo-
typed tests based on these SN genotypes (5, 6).
The 67 1699 alkelic tests captune {comelation co-
elficient # = 0.8) 78% of common SNPs in
HapMap CEU (3).

Each SNP and hoplotvpe test was assessed
for association 1o T20 and cach of 13 wmits with
the software package PLINK (hup/poowmeh.
harvard_edw purcell plink/). For T20. a weighted
met-analysis was used w0 combine resulis for
the populatin-based and Eumily-based subsam-
ples (41 For quomtitative tmits, multivarable
Imear or logistic regression with or without co-
vanates wis performed (), Assocmtion resulis
fior cach SN haplotype test, and phenotype are
avatlable www broad muteduidiabetes),

In genome-wide analvsis myvolving hundreds
of thousands of statistical tests, modest levels of
hias imposed on the null distribution can over-
whelm a small number of tue resultis. We used
three strategics to search for evidence of sys-
ematic bias from unnecogmized population struc-
ture, the malvtical approach, and  penotyping
artifacts (7, X)L First, we cxamined the distribu-
tion of Pvalues in the population-based sam-
ple, observing a close match o that expected
for a nall distribution (genomic inflation factor
hge = 105 for T2D). Second, we calculaed
msociation statistics using  EIGENSTRAT, an
independent method based on pancipal compo-
nents analysis (90 Pvalues for 720 denived with
the two methods were nearly identical (7 = 095,
Fiz. LAY Third, 114 SNPs from the extreme tl
of Povalues fior T2D wene genotyped with an
mdependent technology, Genotvpe concordance
waks 99 5%, indicating that even the extrems til
of low Pvalucs is not substantially contaminated
b genctyping artifacts
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Although the observed Pevalue  distributson
closely matches expectation over most of s mnge
(L0 = P o= 001, an excess of low Mvalues is
observed (Fig. 1B and table 531 To evaluate
the signilicance of this exeess, we gencrated 1006
permuted  whole-genome analvses in wihich
phenotype data were eandomized within matched
case-controd groups () For Pavalues betwem
001 and OB, 6370 SKPs were observed, as
companed 10 an average of 5917 [95% confi-
dence merval (Cly: 5714 w0 6128] m permuied
scans (Z = 4.3; P < 0.001). For P < 1074, 125
SMPs were observed, compared o 94 [95% CL:
61 1o 121] in permuted scans (£ = 2.4, P < 0.02),
These observations suppon. a model in which
there ane lew comimon variants with lane ellecs,
bat o substantinl number with modest effects of
the sont that genemite Mvalues between (L0 and
1077 in 3000 samples.

Ciivent this distinbution, and becuse WOAS
are hypothesis generting, we sought replication
in mdependent samples, An initial set of 107
SMPs (table S4) was seleced on the basis of our
stedy (0 = 89 and by comparison of our resulis
with WGAS of T2D = 18) by Wielloome Trust
Case Control Consortium (WTCCC) (Jh and
Finland - United States Investigation of NIDDM
Genetics (FUSIONY (/) Each SNP was geno-
twpad in OSSO additional subjects (T20 and
controls) from: Swoden, Pobind, and the United
Stmes (able 51 md analviasd lor ssocation
T2D under the sume genetic model as the scan (),

These results, with those fromm FUSION (/)
and WTCCCUKT2D (i, 12), idemtify SNPs m
three previously unknown loci as influencing risk
of T20 with £ < 107" (Table 1 and tables S4
aid 554,

A SNP on chromosome Sp (s 108661,
125 kb from the nearest annotated penes
(CDENZAACDRN2EY, was selected on the basis
of strong associabon o T2D m our WGAS

A 7

E_

T

3’5

T 4

3 3

z 2

. |

&

0 T T T T 1
0 T 2 8 & 568 7

EIGENSTRAT (-logFP)

(mnk #31) (Table 1; Fig. 2A) Combined anal-
yais of data from our scan and replication sam-
ples provides sirong evidence for association:
odds ratio (OR) = 1.20, 95% CI 107 1o 1.36,
P=54x10% Independen evidence of jsso-
ciation for the same SNE, phenotype, and genetic
model was obtamed by WTCCOUKT2D (P
107y and FUSION (P = 0000 (/012 No
associaton with measured quantitative metibol-
i trats wis observed inoour scan or replication
samples,

An imriguing aspeet of this association is its
location far from any annotated gene. The region
of association is limited to a 9-kb region Manked
by strong recombination hok-spots, in which there
are multiple conserved noncoding sequences bat
na known genes or microRNAs. A member of
the: nearest gene cluster, evelin-dependent Kinase
inhibitor-2A (CORNZA), plays o mle in pancre-
atie sl regenerative capacity (17),

SMPs in the second introm of fCF28P7 were
scelected for replication on the basis of joint
analvsis of the three scans (f0-12y (Fig. 2B).
Evidence was weak in our imitial scan (P =
0,034 for rsdd02960), b pronounced m the
replication samples (7 = 5.3 = 10 ®, Table 1).
Strong evidence was obluned [or the same SNP,
phenotype, and  genctic model by WTOUC
UKT2D (P = 107" and FUSION (P = 107Y)
(-1 20, These SNPs showed no association 1o
measured quantitatve metabolic tragls oo our
scan or repheation samples,

Insulin-like growth factor 2 binding protein 2
(IGF2EP2Y belongs oo a fimily of three mENA
binding proteins with affinity for leader elements
in the untmnslated regions of AGF-2 transcripts.
Family members bind with weak sequence spee-
ificity and are implicated in transport of RNA
tongets 1o enable profein synthesis at specilic
locations in the cell (£4), The IGFBP homolog
15 necessary for pancreas development i Xemo-

s1)
|
|

Observed (-logP)

U T T T T ¥ T 1
0 1 2 3 4 & 6 7
Expected (-logP)

Fig. 1. P-value distrbution for the association with type 2 diabetes. (A} P-values obtained from the
Cochran-Mantel-Haenszel stratified test implemented in PLINK are plotted {as —log,, values) as a function
of the corresponding Pvalue computed by EIGENSTRAT in the population-based case/control sample (n=
2097). These distributions are strongly correlated r* = 0.95). (B) P-P plot for the combined (Z score)
association analysis of type 2 diabetes in the population-based case/control sample and the discordant
sihships (n = 2,931 The P-values for the coresponding £ scores are plotted (as —logyg values) as a
function of P-values from the expected (uniform) null distribution. The observed distribution matches the
expected distribution closely and shows an excess in the tail at P =< 1075,

ps (5 and JGF2BPT transgenic mice exhibit
acinar-ductal pancreatic metaplasia (/6).

We selecied a SN ina 90-kb intron within
CORALT (raT734340) [or replication on the basis
of nommal associmon v our scan, WTCOCC
{1y, and FUSION (40 (Table 1) Analysis of
the scan and meplication samples (Fig. 20)
supponts association under the same phenotype
and genetic model (OR = 108, 95% C1 103 w
L.14, combined P = 0.0024; Table 2), as does
evidenee from WTCCC/UKT2D (M0, T2 (P =
10°%) and FUSION (/1) (7 = 0.01) {Table 1).
The risk allele was nominally associated with
reduced insulin seerction in controls {rom our
scan (P = 0,01 for insulimogenic imdex,

CDEALD 5 homologous 1o CDESRAPL an
mhibitor of cyclin-dependent kinase  CDES;
CDRS transduces glucotoxicity signals in pan-
creatic beta cells (7). As with the other var-
mnts, how SKPs m CDEALL maght mfluence
risk of T2D awaits further investigation.

Common variation in an imtron of TOFTL2
has been reproducibly associed with T20 (/8.
In our WGAS, TOF7L2 was the third-ranked
aesociation (Fig. 2D, £ < 3 « 107%) and was
among the wp results in cach of the three other
wellpowerad  whole-genome scans of T2D
L L 19 (Table 1) The consistency of these
findings suggests that TCFTL2Y is the single
largest effieet of a common SNP on T20 nsk in
European populations. Assocutions m KON
1200 amd PERG (20 were nol strongly observed
in any single scan, but seross the three scans
provided £ < 107" and 7 < 1075, respectively
{Table 1.

In 2007, Sladek er af (¥ reponed four
previously unknown asociations to T2D in a
WIGAS, two with panticularly strong evidence ol
replication (AAAEY and SLOIAN). We conlinm
wsociation at HHEY (Table 1; Fig, 2E) in our
scan (OR = 115, £ = 001) and i rephication
penotyping (f* = 107%), as do WTCCCUKT2D
P = 10" (40, 12) and FUSION (P = 0.03)
1 AL the wine transporter SLOAX, our data
were bess compelling (P = 0090 in our scan and
F= 000 in replication samples), but convincing
evidence was obtained by WTCCOUKT2ZD
(10, 12y (P = 107Y and FUSION (P = 107%)
(1 We observed no evidence lor associabion at
LOMCIRTZ60 (= T401, OR = 1.00, P= 1093 for
s T4R0010) and EAT2-ALYY (= 7401, OR =
106, P=0.12 for rs3 7408 T8), nor wis evidence
ohtained by WTCCC (M) or FUSION (1},

We observed intriguing replication signals
at additional loci (I0, 11). For example,
sl TOHHAT in FLIIYIITN was associated with
T2I¥ in our scan (OR = 1.27, P =37 « 107
and replication (OR = 109, 7= 3.1 = 107, but
not in WTCOC (10 or FUSION (47) (Table 1)
Sunilardy, OR8] I PRV demonstmted evi-
dence i our scan amd replication samples (f =
5.3 % 107%), and in FUSION (/1) (P = 107%), but
ot WTCOCC (Jin (F = 093), Genotvpang in
more samples 1s necded to resolve these and other
hypotheses.
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For validated boci, vanability in significance
across siudics may appear surprising, and sug-
gestive of heterogeneity. However, formal tesis
for heterogeneity in effect siae wene mo signil-
icant (7 = 0,05, Momeover, ina simulmed asso-
ciation study of 1300 cases and 1300 controls,
allele frequeney of 2004, and an OR of 1.20 per
copy, the median Povalue was 107, but ~5% of
simulatins P-values were 0025, and 3% of
Povatlues were <1077, Thus, substantial variabil-
ity i orank and sigmificance B expected where
powver is modest, paticularly ifa SMNP s selectad
hased on the study with an extreme Pavalue.

W also performed genome-wide annlyvscs for
1% clinical wraits (able 52). The distribution ol
Povalues was similar to that observed for T2D, with
close match w0 expectation under the null hypoth-
exis and o modest excess of signaks in the @il (able
S3). We observed strong evidence (7 < 1074 rnk
inn the top 1K) for six previously reponiad comimon
variants that influence lipid levek (lablke 530,

A previously  unknown association with
trighvoerides was observed for mTRONY (P =
3.7 ¢ W%, explaining 1% of residual vardance
in triglvceride levels (Fig. 2F; fig. S1A) This
single SNP was tested in 3217 individuals from

the Malméd Dict and Cancer Study, Cardiovas-
cular Arm (MDC-CVA); the association nepli-
cated (P = 8.7 = 107%) (Table 2, fig. SIB). The
wsociation was observed by FUSION (7 = 10 *
controls; P = 107" cases) (1),

SMP RsTR094) 5 oa large block of LD,
spanning 416 kb and 16 penes. The SNP* re-
sides, bowever, within a highly plausible biolog-
wal candidae gene: glucokinase regulatory proten
(GORR). GOKR regubates glucokimise (GORY,
the st glveolviic cmeyme. Adenoviml-mediated
overexpression of GOAR in mouse liver increased
GOK activity and lowered fasting blood glu-

Fig. 2. Regional plots CDKN2A/CDKNZB region IGF2BP2 region
of six confirmed associa- A S L TETTE
tions. For each of the (A} e 8 '
COKNZA/CDKNZE, (B) :1“;:‘:‘;::, -8 -8
IGF26P2, (C) COKALI, 56- ' S Eﬁ- i
(D) TEF7L2, (E) HHEX = . I - |3
regions asociated with E 47 H 4 i
T20, and (F) GCKR region o
associated with triglyc- 17 @ s o . i 24 e 470579 =
E:Iﬁ ﬁmﬁiagﬂg gErIimE 01 © % o ool 23R nﬁa) o Bao ag B g ¥ *‘ﬂ‘ ey g 4 8o
scan are plotted with their =0 =0
Palues (as —logyy val- CONCLA, CoM e i 2ng =
ues) as a function of ge- T T T T T T
nemi position fwith NCBI 21900 22100 22300 186800 187000 187200
Build 35). In each panel, Chromasome § pasition (kb) Chromasome 3 pasition (kb)
the SNP with the most
significant association in =~ © CORALY region D TCF7L2 region
the DGI combined analysis L ,J_, [ I
is listed (blue diamond} § - 8 e
and its initial Paalue in il W g ]
the genome scan (red = Figipprt! i e ms;m 3
diamond). Estimated re- = i * Bl |
combination rates (taken 2 o o, <l = 4 H
{mm;iam!auﬁl are piotted " 'ﬁ'&o » L 3 27 ¢ o @® -0
to reflect the kol LD o 0 o & % %
structure around the asso- 0 * % Somo 8 %3‘% - 0 ?&P % 0. 08 ﬂ?%&g e
ciated SMPs and their -0 -0
comelated proxies (red: nr coaLs e
2 =08 orange: 0.5 = T T — : - =
<08 gray:02<r< 20600 20800 21000 114500 114700 114900
0.5, white: © < 0.2} Chromasome & position (kb) Chromasome 10 position (kb)
Gene annotations were
taken from the Univer- E HHEX region F GCKR region
sity of California-Santa 6 J) [ T
Cruz genome browser, 111878 e 8- r7B0094 - 4
Pet7x10% ] §
44
= i i = 67 I i
E 15015480 et | E & |
24 L 4 § §
Coe R | 24 ¢ % &° o |
.43 o o 2 L) " Ep o re
0 o o # ke @ ¥ E o4 ¥ o 0 0 0%
=0 =0
e . T PR . [ L. S v
94300 54500 94700 27400 27600 27800
Chromosome 10 position (kb) Chromosome 2 position (kb
@ combined DGI result
| @ initial hit in DGI sean ® 208 ® 0.5:8 <08 6 0257 <0.5 ¢ <02 |

1 JUME 2007 WVOL 316 SCIEMCE  www.sciencemag.org




Table 2. Associations results for lipid/apolipoprotein traits in the top 100 of the DGl genome scan,

REFORTS

: Previously : ShP Sample Minor Residual variance Rank for
frait reported SNP koous m i‘::“* size  allele? TRV o iained (ot TYAME i
MNovel locus
TG - GCKR rs7E0094 2659 T 0.35 1.2 3.7x107* 1
TG - GCKR rs7 80094 217 T 0.35 0.5 871077 -
Previously published loci
LOL-C rs4420638 APOE cluster rsd 20638 2601 G 0.22 21 Jax107® 1
LOL-C rs693 (C7673T) APOR 15693 2600 A 0.49 1.0 7.1x1007 4
HDL-C rs1800775 (C-6294)  CETP rs1800775 2623 ¢ 0.47 21 25x1008 1
HOL-C rs328 (Serdd7x) e 17482753 (FF = 1) 2624 T 0.10 0.9 36x107F 24
HOL-C r£1800588 (C-514T) Lpc 261332 (F = 0.92) 2628 A 0.18 0.7 3.4%10°% 23
TG 5328 (SerdaTx=) LPL 17482753 (=1 2652 T 0.10 1.0 491077 2
TG 2266738 (T1259C)  APOAS 5481843 (7 = 0.52) 2649 7 0.11 0.7 3.3x107° 28
apoB rs693 (CT673T) APOB 5603 1448 A 0.45 11 9.4x107° 40
apoh-l 1800775 (C-629A)  CETP 151800775 1451 € 0.44 1.6 27107 &

*r* between proxy and plrtﬂ.ril:u:lh'l reported SNP, based on HapMap-CEU. t#inor allele i indexed to the forward strand of NCBI Build 35
§Replication in Malmd Diet and Cancer Study—Cardiovasoular Arm.

apalipopratein levels for age, age”, tex, diabetes status, and

cose (22 overexpression of GOK in Diver led 1©
lowered blood glucose and increased inglyve-
eride levels (23, 24).

On e basis of these findings, we examined
meisires ofF glucese homeostasis, In both our scin
andd replication samples, the T allele of rTRO0GY
trended toward assocotion o lower glucose (P <
10, < 0002 respoctively), less insulin resistance
(HOMA-IR # < 005 and P < (.01}, and lower
risk of T2D (F* < 0.20, £ = 0.03). The association
of higher triglveerides with bwer blood glucose
reverses the cornclation normally seen in humans,

but is comsistent with overexpression studics of

GUER and GUE in mouse models.

In summary, we cartied out WGAS for T2D
and 18 clinical traits. With collabomtors we pro-
vide compelling evidemee for associmtions at three
previously unknowen loct with sk of T20, the fira
replications of two additional T2D locs, and a pre-
viously unknown assockation o rghoende levels,
Including long-recopnized associations, our data
provide strong support for 15 common variants as
i Mucncaig T2D and lpid levels i European pop-
ulations. The annotations of the new T2 genes
suggest a primary e of the pancreatic beta cell,
but much additonal work will be required 10
dhevelop amd test this lypothesis,

Owr resuls have general implications for
genome-wide association studics o common
discases, The medest effect of cach SNP dem-
omstrates that kirge sample stees will be required
ton discower and validate genctic risk factors for
comumon discase. Although the eight T2D var-
iants discussed in s report cach conmveys a
substantial population atnbutable msk (5 10 27%
at each locus ), cach contributes very modestly 1o
overall varance in diabetes risk (0004 10 0.5%,
=2 3% combined across the cight SKPsp Thus,
iy e vanants remmn 1o be found os msk
factors Tor T2D, and many  questions remain
about the balmee between common and rane
variants, SNPs and copy-numbcer alterations.
main ¢ffects and epistasis. Additonal associated

wwwesciencemag.org  SCIENCE  VOL 316

geagraphic region,

vadants may be found in or near these loch, as
has been the case for other examples (25-31).

The most potable sspect of this and other such
studics may be the genermtion of now hypotheses,
Betore this work, few would have argued that
these genes and noncoding genomic regions were
a high priovity for T20Y rescarch, Now, on the hasts
of their validated relationship to discase, it 15 evi-
demt that they shoubkd be exploned and understood.
The ability o discover ctiological faciors that Gl
outside previows bislogcal hvpotheses s o negjor
motivaition for unbised genome-wide approaches
and s well supported by these and other emerzing
dat from genome-wide asocmion studices.
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The molecular mechanisms involved in the development of type 2 diabetes are poorly
understood. Starting from genome-wide genotype data for 1924 diabetic cases and 2938
population controls generated by the Wellcome Trust Case Control Consartium, we set out to detect
replicated diabetes association signals through analysis of 3757 additional cases and 5346 controls
and by integration of our findings with equivalent data from other international consartia. We
detected diabetes susceptibility loci in and around the genes COKALI, COKNZACDKNZE, and

1GF28P2 and confirmed the recently described associations at HHEXJDE and SLC30AS. Our findings
provide insight into the genetic architecture of type 2 diabetes, emphasizing the contribution of
multiple variants of modest effect. The regions identified underscare the importance of pathways

influencing pancreatic beta cell development and function in the etiology of type 2 diabetes,

he pathophysiological basis of tvpe 2

I digbetes (T2D0 remans unclear despite

its growing global mporance (4, Can-
didate gene and positional cloning efforts have
suggeested many putative susceptibility variants,
but unequivocal replications ane so far limited to
variants in just three penes: PRIRG, KONJIT,
and TCF7L2 (2-4)

Irproved understimding of the comrelition be-
tween genec varants [hnkage  disequiliboum
(L), alled to advances in genotyvping technology,
have cnabled systematic scarches for discase-
wsmociaed commmon vanants on o genome-wide
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scitle. The Welloome Tuist Case Control Consorti-
urnt (WTCCC) recemly commpleted such o genome-
wikile assocmion (GWA) scm m 1924 T2D coses
and 2938 population controks from the United
Fingdom, vang the Affymenx GeneChip Human
Mapping 30 k Avav Sct () The strongest
associanon sipnals . penome-wide were observed
for smple-nucleatide polvmorphisnes (SN%) in
TOFTL2, [For example, for isT90 1695, odds mtio
(OR)= 1,37, 95% confidence imerval (CTy= 1,25
149 omd P=67= |0 ”.I The other knoam T2D
susoeptibality variants were detected with effect
siecs consastent with previous reponts (2, )
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Here, we describe how imegration of data
from the WTOOUC scan and our own replication
studies wath swmlar information generated by the
Diabetes Genetics Initaative (DG (6) and the
Finland- United Staes Investigation of N1DDM
Crenetics (FUSIONY (7 has adentihed several
additonal suscepibality vanams for T20,

In the WTOCOC study, analysis of 490,032
mitosomal SNPs in 16,179 samples vielded
450448 SMPs that passed initial quality control
(51, We considered only the 393,453 autosomal
SNPs with minor allele frequency (IMAF) ex-
ceeding 1% in both cases and controls and o
eutreme departure from Hardv-Weinberg equi-
librium (P < 107 in cases or controls) (8). This
T2Despecific data set shows o evidence of sub-
stantial confounding from population substrc-
ture amd penotyping buses (8,

Tov distinguish true assocutions from those
reflecting Muctwtions umder the null or residual
omors ansing from abemant allele calling, we fisst
submitied putative sienals from the WTOUC susdy
o addinonal quality conrol, including clusier-
plot visualeeaion amd validaiion genotvping on
a secomd] platform (8. Next, we attempled rep-
lication of selected signals in up o 3757 addi-
tional cises and 3346 contrals (replication: scts
RS1 to RS3) RS comprised 2022 cases and
2037 comtrols from the LK. Tyvpe 2 Diabetes
Crenetics Consortium collection (LUKT2D(0GC)
(all from Tayside, Scotland), RS2 included 632
additional T2 cases and 1750 population con-
trols from the Excter Family Susdy of Child
Health (EFSOCH ) A subset of SNPs were typed
in R53, comprsing a futher 1103 cases and
1559 controls oo the UKT2DGO (able 51,

The frst wave of vahdated SNPs sent lor
replicaion was selected from the 300 SNPs in
nine dstinet chromosomal regions  (excluding
TCF7E2), which had, in the WTCOCC scan alone,
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attained the most extreme (7 < 107%) significance
vitlues on Cochran=Ammitage stz of assockion,
Gienotyping of 21 representative SKPs generaied
evidence ol replication (7
these nine regions (Table | and wble 52
[R=RO501 36 [mapping to the £ (fat mass and
obesity-associated) gene region on chrlé] was
among o cluster of SNPs penerating the strongest
evidence for associwwn outside TOF7L2 e the
orginul scan [risk allehe OR = 127 (1 16-1.37),
P=20% 107¥ (fiw S0 This SNP showed strong
replication [OR = 1.22 (1.12-1.32), =54 =
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Fig. 1. (left) Overview of COXALT signal region. (A} Plot of —loglP values) for

T2D (Cochran-Armitage test for trend) against

Mb. Blue diamonds represent primary scan results and pink triangles
denote meta-analysis results across all UK samples, (B) Genomic location

of genes showing intron and esxon structure

triangles show position of replication SMPs relative to gene structure. (C)
MULTIZ (24) vertebrate alignment of 17 species showing evolutionary
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0.05) for three of

.;fi.._. i el _:_.LL...L. STII | PPN | TN P TR Y

1’ |. As we recently reported (90, this effoct on
T2 risk is mediated through a primary eftect
on adipesity, and adjustment for body  mass
index (BMIy abolishes the T2D association.

Rephcmon was also obtaimed for SNPs within
the COMRALS bocus on chromosome 6, including
rfOSRT] mnd s 109E6308, Although 465571
gencrated the stronger sapnal mo the WTOOC
scon, replication at this SNP was modes (P
O023 L The replication sigmnl at rs 10946398 was
mowe sinking [OR = 114 (1L07-1.22), P= 84 =
1075 (Tubbe | and table 52) Consistent evidence
of association is provided by the DG P = 4.1 =
107 at rsT754840) and FUSION groups (F
a5« 10w rsd71253) (Table | and wble 53)
(A, 7h both SNPs being strong (i = 099
prowies for sl 0E46.398, Across all studies, com-
bined evidence for assocision st CORALS s
compelling (P ~ 4.1 = 1071,

All associated SNPs map tooa lage (90 Kb)
introm within COKALD (Fig. 1) Flanking re-
combination hotspots deline a 200-kb inter-
val likely to contamn the cticlogical vanant(s),
COKAL! |evelin-dependent kinase 5 (CDES)
regulatory subunit associmed protein 1-like 1]
encodes a 37%-residue, 63-kD protein of un-
known funcion. We have detected expression
of CORALD mBNA in humon pancreane islet
and skeletal muscle (g, 82), CDKALL shares
considerable protein domain and amino acid
homology with CDES regulatory subumi as-
socuted protein 1 (CDESRAPLY, a known n-
hibitor of CDES sctivation. CDKS has been
implicated in the regulation of pancreatic beta
cell function through formation of p35CDKS

REPORTS

complexes that down=regulate insulin cxpression
(0, 1.

The thied replicated association maps 1o
the AHEY (homeobox, hematopoictically ex-
pressed) gene region on chromesome 10, This
pene showed strong mssociation i the WTCOCC
seim [rsS015480: risk allele OR = 122 (C1 1.12
L33), /o 5.4« 107%) and is a powerfil biological
canddue (12, [ We could oo optimiae a
replication assay for 30054800 bt observed
evidence for repheanion at a perfect proxy,
rsl 111875 sk allele OR = 108 (1 101
LI5Y = 002] (Table 1, tables 52 and $3). Both
DG and FUSION stodies showed modest but
consistenl mssocition signals gencriting srong
combinad evidenee (P ~ 57 = 107" for a wle in
T2D susceptibility (Table | mnd wmble 531 A
fourth gepome-wide association scon, in French
subjects, recemtly viclded mdependem evidence
for a T2D signal an this regwon (14). The signal
resiches within an extended (295 kb region of LD
comtaiming nod only HHEN [highly cxpressed in
fetal and adult pancreas (fig. S21] but akso the
penes encoding kinesin-interacting fctor (KF 1)
md insulin-degrading cmevme () (e, 830
IDE represents a second  strong  biological
cundidate given postulated eftects on both
msulin signaling and sket function and data
from rodemt models (/54 7).

Of the remaining regsons sclected i the first
wave, none showed any evidence of rephcation
m LK. samples (able 521, md for none was thene
stromg support rom the DG and FUSION scams.

The nelatively strict thresholds imposed  for
SMP sclection in the first wave (Le., point-wisc
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chromosome position in

(NCEl Build 35). Pink

conservation. (D) GoldSurfer2 (25) plot of linkage disequilibrium (%) for
SNPs genotyped in WTCCC scan (passing T2D-specific quality contral) in
WTCCC 12D cases. (E) Recombination rate given as ¢M/MB. Red boxes
represent recombination hotspots (28). (F) GoldSurfer? plot of linkage
disequilibrium (¢%) for all HapMap (haplotype map of the human genomel
SMPs across the region (HapMap CEU data) (27). Fig. 2. (right) Cverview
of chr9 signal region. Panel layout as in Fig. 1.
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P 1074 help to limat false discovery, but many
penuine swsceptibality variants will fail w reach
thent We inttiaied a second wave of replication
based around SNPs for which the WTOCC scan
penerted more modest evidence for msociom
{Cochrm-Amitage P ~ 107 10 1675, We pni-
oritized the 3367 SNPs in this mnge using ad-
dinional eriteria: (1) evidence ol association in DG
angd FUSION (6, 7 qn) presence of mubtiplke,
dependent ¢ < 04) associations within the
same locus; and () biokogical candidacy (X, 18,

Analvsis of the 56 SNPs, representing 49
putative signals, selected for this “second wave™
of eplication (able 54 vielded two funher
regions implicated in T2D suscepubilie. A
cluster of SKPs on chromosome 9 (reprosented
by mI0R11661) penemted a promising signal in
all three scoans, Replication was observed in UK
samples [rsl08 11661 OR L8 (CL Lo
1281 P= 17 107, 55 well as DGL{P=22 5
107%) and FUSION follonw-up studics (2383208,
P=97 = 0 A second signad from the
WTCCC scan lociied ~100 Kb 57 [s364398,
OR = 116 (CL 1.07-1.27), P =32 < 107%), was
weakly supponed in the FUSION scan bul no
the DG scan (Table 1 amd wble 53), and was
replicated in the UK. RS samples [OR = 112
{(CL, 1L05-1.19), P = 86 = 10°*] {Table 1 and
tahle 53],

These two dessociation signals are separated by
i recombangiaon bitspat (IF betweon 1081 1661
and mAA4308 s 0057, 2 < 0001 (Fig. 2,
Across all swdics, the combinad evidence for
association is stronger for the 3 (7 = 78 = 1079
than for the 5 (P = 1.2 = 1077} peak (Table 1),
The 3* signal maps to sequence with no charoe-
terized genes, whereas the recombination imterval
enclosing the 3 sipnal mclwdes the full coding
sequences of CORNZE and COKNZA (encod-
ing |'nl5"‘"{’“1 and rllﬁm'“". respectivelyl,
COKN2A b5 a known tumor suppressor and

its product, pmjm"". inhibits CDEA {eveline

dependent kinase 41, a powerful regulator off

panereatic beta cell replicanon (J9-21), Overex-
pression of Calnla leads to decrensed islet
prolifcrmtion in aging mice (22, Glnlh over
exprossion s also causally related 1o islet hvpo-
plosta and diabetes in murine models (231 Boih
CORN2E wod COKNZA display high levels of ex-
pression m pancreatic slets and pituitary (e $2)
A il replicated associotion hes within the
HrF2EP2 pene on chmomosome 3, We observed
some evidenoe of association for SNPs in this
region in the WTCCC scan (5) |e.o.. rsdd0200d0
OR L15 (Cl LO5=125) 2= 1.7 % ]Il_ll.
Consistent associations in the DG and FUSION
scans (6, 71 and the biological candidacy of the
gene [a known regulitor of msulin-like growth
factor 2 (1GF2) wanskation] prompled neplica-
tiore We obtmned only modest evidence Tor
replication ot 02960 [OR = 109 (1, 1.0]
116y, P = 0018 (Table 1 and table S4), but
combined evidence across all studics (P ~ 8.6 =
107" csablishes this as a genuing T2 signal
(Table 1 and wble 53). The associated SNPs
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map e a 37-kb region spanning the  promoier
and first 2 exons of SOF2EP2 (g S4).

Most of the remaining 30 “scoond-wave™
SMPs can be discounted a5 susceptibility var-
s hased on their failure o replicawe (able
544, although some merit {unher consideration.
One such example is rs9360425, located 37-kb
downstream of the FECFA (vaseular endothelial
erowth fctor Ay zene on chromosome 6 (g,
55), BEvidence for association in the WTCCC
sean [OR = 116 (CL 1L06-1.2T) P=8.6 1074
is supporcd by nominal replication in UK.
samples [OR = 10K (CL 1.01-115)y £ = (.03)
and by DGl scan mesults [ LT (LO4-1.32), P
4.4 < 107 Although no signal is apparent in the
FUSION study, this does not allow us 10 neject
the association. For 80% power o detect an OR
of LI {0 = 045), more than 3000 case-control
pairs are needed.

In the French genome-wide scan (/4), var-
s in both the HAEX and SLOCIAS penes
woere implicated i T2D susceptibility, Becase
the associated SNPs i SLOCIAN are poorly
captured on the Affymetrix chip ir? < 0.01), the
WITCUC scan was nod infommative for this boous.
However, we genotyvped rs13266634  indepen-
dently amd obtained replcation of the Gnding
[nsk allele OR = L12(CL 1053118}, P=Tih=
107 in all UK dhata] and acroes all three studies
(£ =53 = 107" (Table 1 and able S4),

The present analysis has contnbuted o aden-
tificaton of severl confimmed T2D susceptibility
loct, One of these UFTON exerts s prinmry ofTect
on T2 risk through an impact on adiposity (Y%
Mone of the other signals was attenuated by ad-

Justment for BMI or waist circumicrence [ tables

S5 1w S5T) One of the remaining four loc
(AHENADE) represents a strong replication of
findings recently reported (£4) The other three
loci (near COKALL, JGF2BP2, and CDRN2A),
all showing exiensive replication  across  the
three sudies, represent previously  unknown
T2 susceptibility loci,

Across the four T2D scams completed
(5-7, 4, TOFTL2 clemdy emerges as the largest
association signal. On curment evidence, all other
confinmed loci display more modest effect sizes
(between 110 and 1.25 per allele). Extensive re-
sequencing and lne-mappang will be requared w
define the full spectrum of etinlogical vanation
at cach locus, and these may yel identify var-
s with greater impact. Our findings offer
clear lessoms for the design of future studics.
Robust identification of variants with such effect
sizes is only feasible with larpe-scale sample
sets (13,965 individuals were tvped in the
present studyh Further, the exchange of data
hetween groups (providing data on up o 32,554
samples) was key 1o the rapid and unequivocal
identification of the signals we nepont.

As aresult ofihe four GWA studies reponed
o date (5-7, 1), the number of genuime, ep-
licoted T20D suscoptibility signals has climbed
from three to nine (adding MHTENTDE, SLOCIOAN,
COKALI, CDKN2A, IGF2BP2, and FT(3),

REPORTS

However, these loci explain only a small
proportien of the observed familiality  (the
sibling relative risk. &, atributable w all loci
i the LLE. samples, 15 only -1LOT7) We expect
additional boci o be revealed by further rounds
of replication initiated by mone systematic meta-
malysis of these and other seans. Our study
prowides an important validation of the genome-
wide mndireet assecution mapping approach and
a demonstrmtion of the value of aggressive data-
sharing efforts. 1 alse generates maights mto
T2 pothogencsis, emphasizing the likely im-
ponance of pathways involved in pancreatic
beta cell development, regeneration. and
function. In-depth physiological and functional
stshics are now needed o establish the precise
miechanisms involved.
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A Genome-Wide Association Study of
Type 2 Diabetes in Finns Detects
Multiple Susceptibility Variants
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Identifying the genetic variants that increase the risk of type 2 diabetes (T2D) in humans has
been a formidable challenge. Adopting a genome-wide association strategy, we genotyped 1161
Finnmish T2D cases and 1174 Finnish normal glucose-tolerant (NGT) controls with =>315,000
single-nucleotide polymorphisms (SNPs) and imputed genotypes for an additional =2 million

autosomal SNPs. We carried out association analysis with these SNPs to identify genetic variants
that predispose to 720, compared our T2D association results with the results of two similar studies,
and genotyped 80 SMPs in an additional 1215 Finnish T2D cases and 1258 Finnish NGT contrals.

We identily T2D-associated variants in an intergenic region of chromosome 11pl2, contribute
to the identification of T2D-associated variants near the genes IGF2EPS and COKALT and the
region of COKNZA and COKNZE, and confirm that variants near TOFFLZ, SLCI0AS, HHEX, FTO,
PPARG, and KCNJI1 are assocated with T2D risk. This brings the number of T2D lod now confidently

idenfified to at least 10.

wpe 2 dinbetes (T2D) is o disease chame-

I tertzed by msulin resistance and impaired
pancreatic bata-cell Munction that aflects

170 million people worldwide (/). Wil first-
degree relatives having ~3.5 times as much sk
as compared o imdividuals inthe gencral midd ke-
agod population (2, hereditary factors, togcther
with lifestvle and bebavioral factors, play an
imporiant role in determinmg T2 risk (7). To
date, imense effons wo identily genetic risk factors
in T2D have met with only hoited success, This
study, reports from our collnbomtors (4-a), and
the recently published work of Sladek of af (7)
deseribe results of genome-wide  association
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(CWA) studies that further define the genetic
architecture of T2 and adentify biological path-
ways imvalved in T2D pathogencsis,

We penotvped 1161 Fimnish T2D cases and
1174 Finnish NGT controls on 317,303 SNPs on
the Hlumina HumanHap3id BeadChip in stage
I of a two-stape GWA study of T2D (81 These
samples are fom the Finland -United Staes In-
vestigation of Noo- Insulin-Dependent Diabetes
Mellines Genetics (FUSIONp (0, /) and Finrsk
2002 (11 stuches (bles ST and S2A), Among the
317503 GWA SNPs, 315,635 had =10 copics of
the less common allele [minor allele frequency
(MAF = 00002 | and passed quality-control crite-

na (A) We tested these 315,635 SNPs Tor asso-
ciation with T2D using a model that is additive on
the lop-odds scale (Table | and wables 53 and 549
(%L We observed a modest excess (4] observed
versus 316 expocted; P =0, 149) of SNPs with
P ovalues < 1077 (fiz. 510 These results argue
mrainst the existence of multiple common SNPs
with a large impact on T2D discase risk but are
consistent with the presence of multiple common
SMPs that each confer modest nsk. The results
also suggest that the mateling of cases and con-
trols by hinh provinee, sex, and age (8 has been
successful; m suppon of this conclusion, the
penomic control (2) correciion value is 1026,
Analvsis of our Iurmina Humanblap300 data
allowed us o guery much of the known SNP
vanation i the gemwne, To nensise this pro-
portion, we developed an imputation method
(&, F3) tha uses genotvpe data and linkage dis-
cquilibrium (LD} information from the Haphap
Centre d’Ewude du Polymomphisme  Humain
(Uhah residents with ancestry from northern and
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western Europe) (CEUD samples to predict
penotypes of autosomal SNPs not genotyped in
our subjecis. A ol of 2080 million HapMap
CEU SKPs (/4 had mpuied MAF >1"% in
FUSION and passed our imputation guality-
control criteria. In the HapMap CEU sample,
imputed SNPs passing ihese eniena increased
coverage of SNPs with MAF = 1% from 719 ©
89, 1% atan o+ threshold of 008,

Tovinenease the statistical power 1o detect T2
predisposing varians, we compared our stage
I results to GWA resuhis from the Disbetes
Cienetics Initiative (DG and the Welleome Trust
Case Control Consortium (WTCCC) We
selected 82 SNPs for FUSION siage 2 follow-
up penotyping based on evidence  from: (1)
FUSION-genotvped and FUSION-impued
SMPs: (iid a combined analysis of GWA results
from FUSION, DG and WTOOC: and (iin
previous T2 association results, For (i) and (i),
we used a priontetion algenthm that advan-
tnged SMPs based on genome annotation (5)
(able 871 and gave preference 1o genotyped
SMPs over nearby mmputed SNPs, We success-
fully genotvped S0 of the 82 SNPs in our stage 2
sample of 1215 Finnish T2D cases and 1258

Finnish NG T controls (4 (table 52B) and carriced
out joint analysis of the combined FUSION
stage | + 2 sample (lable 55). DGE () and
United Kingdom T2D Genetics Consortium
(UKT2D) (7)) investgators also ollowed up
PO and WTOOU GWAS by genotyping rep-
lication samiples.

We conlirmod well-established T2D asso-
cumrs with TOF7L2, PRIRG, and KCNIT
(Table 1y (F3-48) SNPs i TOF7L2 reached
genome-wide significance in the FUSION stage
I + 2 sample [odds mtio (OR) = L34, P=13 =
107 and in the FUSION-DGI-WTCCC
UKT2D “all-data™ (ve., all GWA and tollow-up
samples) meta-analysis (OR = 137, 2= 1.0 =
107} Table 1 and table $5). PPARG Pro' = Ala'?
(s 1801282) and KON G —Lys™ (5219)
were not genodyvped in the FUSION GWA, but
nearby SNPs showed some evidence for T2D
association, as did the mputed genotypes tor the
codling varionts. All-dsta meta-analysis resulied
in genome-wide significant T2D association
with KCA GluP—Lys™ (OR = 114, P
6.7 « 107"y and strong evidence for PPARG
Pro"*—Al' (OR = 114, P= 1.7 = 107"). The
PPARCG and KONJT T resulis eoplusize the value

RE

=8

of combining data across studics and sugeest that
other T2D-associated loci remain to be found,

The combined samples from the thaee siudies
prowide evidenece tor seven additional T2D loci.
For the first three of these loct, we had strong
evidence in the FUSION stage 1 GWA data and,
for the lotter four, our FLISION stage | evidence
wis e modest

Accluster of varzois in the MGF28P2 (insulin-
like growth factor 2 mENA hinding protein 2)
region wis assockted with T2D in our stage
1 sample (e.z., 1470579 with OR = 1.27, P
L6 107 (Fig. 1A). The all-data meta-analysis
for rs402960 resulted 0 penome-wide signifi-
cmce (OR = 114, P=89= 10 vay Including the
rA02R00 penotype a5 o covariate essentially
elmminates evidence for T2D assocution for other
vanants in the cluster (Fig. 1A). which is
consistent with all SNPs representing the same
T2D-predisposing vanantis), [GF2BP2 45 a
partlog of IGF2BPL, which binds to the ¥
untranslated region of the insulin-like growth
factor 2 (FGF2) mENA and regulates [GF2
translation { /9). 1GF2 is a member of the insulin
family of polyvpeptide growith Tactors iwvolved n
the development, prowth, and stmulation of

Sndlonnie
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Fig. 1. Plots of T20 association and LD in FUSION stage 1 samples for
regions surrounding JGF2BP2 (A) and rs9300039 (B). () and (B} each contain
six. panels. The top panels display RefSeq genes; there are none in the
rs3300039 region. The second panels (ie., directly below the top panels) show
the T2D assodiation —logqy P values in FUSION stage 1 samples for SNPs
genotyped in the GWA panel (closed blue crcles) or imputed (open blue
circles), The third panels show T20 assaciation —<logys P values for each SNFP in
a logistic regression model correcting for the reference SNP [indicated by the
red circle for 4402960 in (A and for rs9300039 in (B}. SNP rs7480010,

wwwesciencemag.org  SCIENCE  VOL 316

reported by Sladek et al. (7), is also labeled in the =%300039 plot (B) (green
circle). A decrease in the —logy, P value from the second to the third panels
indicates that the association signal of the tested SNPs can be explained, at
least in part, by the reference SNP. In both regions, the reference SNP was
chosen for convenience; the choice of another strongly associated SNP nearby
would have resulted in a similar picture. The fourth panels show recombination
rate in cenfimorgans per megabase for the HapMap CEU sample (14], The fifth
and sixth panels show LD/ and D' based on FUSION stage 1—genotyped and
FUSION stage 1-imputed data,
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insulin action. The most strongly  associated
FCGF2EP2 SNPs are Jocated in a 30-kb region
within intron 2 {Fig. 1A); diabetes-predisposing

variants may therelore affect regulation of

T 282 expression.

SNP rs13266634, a nonsynonymous
hrgJﬂ—-Tqiﬂj varinl n the pancreatic beta-
cell specilie @ine tmnsporer SLOI0A8 (20,
showed (through our annotation-based ol gonthmn
evidenee for T2D assocusion in stage | (Table |
and fig. 52, Modest evidence i stage 2 resulied
in stronger evidence in our stage | + 2 sample
(OR = LI, = 7.0 = 107%) (Table | and table
S5). Subsequent DG and UKT2D genotyping
resulted i strong evidence i the combmned sam-
ples (OR = 1,12, P= 5.3 = 107%), Sladek e /. (7)
recently reported independem T2D assocition
evidence with the samee allele in two French
samples (P = 1.8 = 1073 and P = 5.0 = 107,
SLO30AR tminspots #me from the eyloplasm
into msulin seeretory vesicles (20, 27), where
insulin is stored as a hexamer bound with two
Zm*" jons before secretion (22), Variation in
SLCI0AN may affect zine accumulation in insulin
granules, affecting insulin stability, stomge, or
secretion. 1o high-glucose conditions, overex-
pression of SLCHUE in msulinoma (INS-1E)

250

2%

il i

Lowest Highest
Interval of predicted T2D risk

e
=

Percent of indeviduals in each interval with T2D

Fig. 2. Prediction of T2D risk in the FUSION ample
with the use of 10 T2D susceptibility variants, T20
cases and NGT controls with complete genotype data
were included in the analysis, To abtain a sample with
a T20 prevalence of -10%, we included nine copies
of each of 2176 NGT controls and one copy of each of
2102 T2D cases. The predicted risk for each in-
dividual was estimated from a logistic regression
model contaiming the 10 risk variants listed in Table
1. The proportion of T2D cases is shown for 20 equal
intervals of predicted T2D risk, We constructed 95%
confidence intervals (Chs) for the proportion of T2D
cases in each imerval using the ariginal sample of
2102 cases and 2176 controls. The constructed sam-
ple T2D prevalence (0.096) & shown as a horizontal
line, The proportion of T2D cases increases from
5% in the lowest to 20%% in the highest predicted
risk categories.

cells enhanced glucosc-induced insulin secretion
(24}

SNP 9300039 in an intergenic region on
chromosome |1 showed evidence for T2 asso-
ciatwn m stage 1 (Table 1 ad Figo 1B) gpeno-
typing our stage 2 sample resubed in near
genome-wide significance in our stage |+ 2
sample (OR = | 48, = 5.7 « 107" {Table 1 and
tables 53 and 55), In the WTCOCC and DG
scans, the nearby SNP rs1514823 (7 = 0.97 with
30003 provided weak evidence for T2D
association with the appropriate allde; com-
bining results across all three studics pave OR =
125 and P= 4.3 = 107", Filty-six imputed SNP's
and two more genotyped SNPs spanming 219 kb
are m LD with m9300039 and show substantial
evidence for T2D association (7 < 107" in our
stape | sample (table 53 and Fig, 18). Including
the genotype for 9300039 as a covariate cs-
sentially elaminates evidence for T2D association
with the remaining SNPs (Fig, 1B) This region
includes three sets of spliced Expressed
Scquence Tags bt no annotated  genes, The
identification of a T2D-associated varam =1 Mb
from the nearest annotated sene highlights the
value of a genome-wide approach. Sladek er ol
(7 reported strongly associated SNPs in two
nearby regions on chromosome 11, SNP
rs 480010 near hvpothetical gene LOCINTTAS
i 331 kb controameric o rs9300039, LD between
ra9300039 and raT4R0010 15 essentially ecro
(7 = (00063 and 1Y = 0.036), and 7480010
showed lile evidence for assocuion in ourstage
I+ 2 sample (OF = 103, #=0.54), Sladck e af,
{7y also reponed T2D) association with three
intronic variants of AT, located -24 Mb
centromenc of rs9 300039 we found no evidence
for assocition with £XT2 SNPs.

SMP mATI2523, locaed within minon 5 of
COKALLL showed modest evidence for T2D as-
sociation i our FUSTON stage | sample, which
strengthened slhightly in our combined stage | + 2
sumple (OR = LI12, P = 0.0073) (able 535),
Mearby SNPs m strong LD wih 54712523
including 7754840 showed modest evidence
for T2D association in the DGl scan and
considerably stromger evidence in the WTCOCUC
scan. Including strong DGL and UKT2D repli-
cation data resulied i genome-wide signilicance
(OR =112, P= 41 % 107" for s7754%40) in the
all-dana meteanalysas (Table 1), COEALD [evelin-
dependent kinase 5 (CDRES) regulatory subumit
associated protein—1-like 1] shares protein do-
main similarity with CDES regulatory subunit
associsted protein 1 (CDKSREAPL), which spe-
cificallv mhibits activation of COKS by CDKS
regulatory subunit 1 (CDESRD) (24 Using
quantitative reverse transeription  polymerase
chain reaction analvsis of a panel of RNA
samples from human tissues amnd cells, we
detected the highest expression of CORNALS in
sheletal muscle and b cells, as well as in 2937
andd HepG2 cells g 53A0. The associated SMPs
within intron 5, or SNPs in LD with them, may
regulate expression of CORALD and soaffect the

cxpression of CDKS, CDES and CDESRI ac-
tivity is influenced by glucose and may influence
beta-cell processes (24, 25) overactivity of
CDES in the pancreas may lead 10 beta-cell de-
penemtion, especilly under glucotoxic condi-
tions ( Ja),

SNP rs1 0811661 near evelin-dependent ki-
nase inhibitors COAAN2A and CORNZE showed
miodest evidence for T2D assocmtion i our
stage | + 2 sample (OR = 1,20, /= 0,022}
{Table | and table S5y and showed genome-wide
significance in the all-dma meta-analvsis (OR =
120, P = 78 = 107" SNP 10811661 is
lecated upstream of COKN2A and CORNZE,
may have a long-range effect on one ol these
Henes, oOr may iilluence a gene nol vl an-
notated, CDEN2ZA and CDEN2B inhibit the
activity of CDRE4 and CDKG. In mice, Cdk4
activity has been shown o influence beta-cell
prohferation and mass, with loss of Cdkd
bemndding to diabetes (27, 25, We find CDEN2A
fo be expressed ot high levels inoislets,
adipocytes, bramn, amd pancreas and at ¢ven
higher levels i 2937T, Hela, and Hept2 cells
(g, 538 COKMN2E 5 expressed in islets and
adipocyies and, w a lesser degree, in small ines-
tme, cobon, 293T, aml HepGi2 cells (g, S3C).
CORN2A and COEN2E are also Wumor suppres-
sor genes and may play a role inaging (29

SMPs s 1 11ETS and rsT923837 showed mod-
et evidence of T2D dssociation o the FUSION
and DG seans, much stronger evidence in the
WTOCC sean, and genomae-wide significam evi-
dence (OR = L13. P=57= 107" for sl 111875)
in the all-data meta-analvsis. These SNPs arc in
LD (¢ = 0.70) in a region that includes HHEX
thematopoictically expressed homeobox),
which s cnitical Tor development of the ventral
pamcreas (3600, the maulin-degrmding enevme
gene JDE, and the Kinesin-imtercting factor 11
pene KIFLL Shdek ef af. (7) recently reported
independem penome-wide significant evidence
for T2 assocration with these SNPs,

The WTCCCUKT2D groups identified evi-
dence for T2D and body mass index (BMI)
mssocitions with a set of SNPs including
rsR0300 36 in the FTE? region; the T20 associa-
tion appears 10 be mediated through a primary
elfect on adiposity (3, 6, 3/} We observed
modest evidence for asociation with T2D in
the combmed FUSION stage 1+ 2 sample (OR =
LA 2= 00060 {Table 1 and table 55).

T2D can be a component of a larger syn-
drome of metabolic abnormalities, and we were
interested 1o assess the effects of T2D-related
traits on our association results, We repeated our
T2 associaton analysis for the 10 SNPs
Table | with one of several variables included as
an addiomal covanate. Adjusiment for BMI
strengthened T2D association with TOFTL2 and
SLCHAX, weakenad association with rsS93000350
and FTE, and had hintle effect on the other loc.
The efliect of waist cireumerence was similar to
that of BMI; blood pressure vanables had
essentially no effect,
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Wi previously carricd om T2 linkage anal-
wais in the familics of many of our stage | cases
{41y, None of the 10 loci in Table 1 had large
T2D logarithm of the odds (LODY scores,
although those for FT0 amd TOF7L2 were 0063
and L6 and se were nominally  significant.
LOD soores for six of the 1 boci were greater
than 0.2, as compared to 2.2 that would be
expected for random genome locations. This
stggests enmchmant for T2D-ssociated loci in
regions with modest evidence of T2D linkage
(= 001 bn that the power of the linkage
approach was insufficient o distinguish these
signals from background moise.

The abality to construct a list of ten mobust
and replicated T2D-assocmted loci (Table 1)
represents a landmark in efforts w klently ge-
netie variants that predispose to complex humsan
diseases, although the specific predisposing var-
rants and even the relevant genes reman o be
defmed. We examined the combined nsk of T2D
hased on these 10 ot inour staee |+ 2 sample
by constructing a logistic regression model and
prediciing T2 risk or each person (81, We found
a fourfold variation in T2D risk From the lowest to
highest predicted risk groups, which is of potemtial
interest for o persomalioed  preventive-madicine
provgeram {Fig. 2 However, these predictions from
or ctw may be bigsed as compared 1o predictions
hased on the general population, likely owing 1o
the ovarsmmaton of ORs due o the “winner's
curse,” emrichment lor Boihal T2D coses, and
exclusion of ndividuals with impaired  glocose
tolerance or impaired fsting glecose,

Thirty vears age., James V. Neel labeled T2D
as “the peneticists nightmare™ (32), predicting
thiat the discovery of genetic lactors i T2D
would be thoroughly challenging. Until secemly,
his prediction has proven e, Although loge
samples and collabortion among three growups
were reguired, we can confidently state that new
dinbetes risk factors have been identified. Each
pene discovery points o a pathway that coninb-
utes 1o pathogenesis, and all of these proteins and
their relevant pathwayvs represent potential drug
targets Tor the prevention or treatment of diabetes,
Bascd on the number of other interesting resulis
observed mn these studies, 1t s hikely that there
are additional T2D-predisposing loct o be found.
Even though much renmims to be done, we ane o
last awvakening from Jim Neel's mightmare.
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Complex | Binding by a Virally

Encoded RNA Regulates
Mitochondria-Induced Cell Death

Matthew B. Reeves,!* Andrew A. Davies,® Brian P. McSharry,?

Gavin W. Wilkinsunf John H. Sinrzlair"'r

Human cytomegalovirus infection perturbs multiple cellular processes that could promaote the
release of proapoptotic stimuli. Consequently, it encodes mechanisms to prevent cell death during
infection. Using rotenaone, a potent inhibitor of the mitochondrial enzyme complex | (reduced
nicotinamide adenine dinucleotide— ubiquinone oxido-reductase), we found that human
cytomegalovirus infection protected cells from rotenone-induced apoptosis, a protection mediated
by a 2.7-kilobase virally encoded RNA (f2.7). During infection, 32.7 RNA interacted with complex |
and prevented the relocalization of the essentizl subunit genes associated with retinoidfinterferon—
induced mortality—19, in response to apoptotic stimuli. This interaction, which is important for
stabilizing the mitochondrial membrane potential, resulted in continued adencsine triphosphate
production, which is critical for the successful completion of the virus® life cycle. Complex |
targeting by a viral RNA represents a refined strategy to modulate the metabolic viability of the

infected host cell.

uring primary infection or reactivation of
hurman eyvtomegaloyirs (UM, espe-

cially in the mmunocompromised, the
vinus is able o replicate in a number of cell types,
often resulting i lifc-thremening discase (/)
HOMY exhibits a relatively protracted life cvele
{upwards of 5 davs) and at eardy times of in-
fection (12 10 24 bours) encodes a highly abun-
dam 2.7-kb RNA tonscript (B2.7), accounting
for =20, of wotal vieal gene transeniption (2, 3)
of unknown function, The RNA may be asso-
ciated with mitochondria (), and no protein
product of this RNA has ever been detected in

infected cells (3, suggestimge that it functions as o
noncoding RNA ().

We mvestipted the possibility thme 2.7
could function as a noncoding RNA. A

‘pepartment of Medicine, University of Cambridge,
Addenbroake’s Hospital, Hills Road, Cambridge, CB2
200, UK. “Section foe tnfection and kmmunity, College
of Medicine, University of Wales, Heath Park, Cardiff, CF14
4xX, UK.
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500 Technology Square, Cambridge, MA 02139, USA
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Mornhwestem screen of a human ¢cDNA library
with a 2.7 probe identficd potential ocliukar
interaction pariners for the 27 RNA molecule.
One of these proweins wias 2 subunmit of the
mitochondrial  enevme  complex 1 (reduced
nicotinamide adenine  dinucleotide ubiquinone
oxido-reductase). Defective complex 1 activity
has been implicated m numerows. mitochondrial
and penctic diseases, including Legh's svn-
drome, Leber's heneditoy optic newropathy, ancd
mitochondrial encephalopathy (4): and imhibs-
tion of complex | activity by reactive O or N
specics or by the direct binding of envi-
rommental toxins ultimately resulls in apoptosis
(7, &

We st tested whether HOMY  mbection
[muhiplicity of mfection (MOl = 5] and,
specifically, B2.7 expression prevemted cell death
in neuronal U373 cells subjectad 1o mitochondr-
al stess by treatment with rolenone—a highly
effective complex | mbibitor (9, £, As expectad,
the addition of rotenone promoted substantial cell
death in U373 cells (70% m Fig. 1) We then
compared the effect of preinfection of cells with
the Toledo stmin of HOMY and a recombinant
Todedo virus, in which the B2.7 pene had been
deleted (AR2.7Tol) (). Toledo-nlected U373
culiures showed profowndly (7 < 0001 ) reduced
levels of apoptesis (3%, i contrast 1 AR T Tol-
infected cells (70% in Fig, 1A) Funhermone, the
protective effea of 2.7 could be restoned with a
revertant virus (Fig, LAY and by imnsfection of a
f2.7 expression vieetor inte U373 cells (Fig. [B),
Thus, HOMY-mediated protection of cells fom
rofenone-induced apoptosis correlated with ox-
pression of the vieal B2.7 gene. Although the
consensus is that the P27 transceipt docs mol

encode a protein product (5), we also analyvecd a
clinical isolate of HOMY (HOMV-3157), which
woukd produce a heavily truncated nonsense
protean i BT were imnslated (5). HOMV-3157
was as eflicient as Toledo at protecting cells
from rotenonc-induced death (g, S1A) The
protective effect of (12.7 was observed only in
Toledo-infected cells (hg. S1B) whereas
AR TTol-mfected cells roumtinely stined  for
both viml gene expression and termimal deosy-
nucleotidy]  transferase-mediated  deoxyvur-
dine triphosphate nick end labeling (TUNEL)
(fig. S1B). The proportion of immediate-carly
(E}-positivity in the AB2.7Tol cells under-
oing apoplosis was around 70 (g S1C).
Ciiven that only 45%, of the whole population
was infected, this Nnding implied that viral in-
fection, in the absence of 2.7, acwally ren-
dered cells more sensitive 1o rotenone-induced
apoplosis,

Cne role of the HOMY (2.7 transcript may
b o0 mediate protection of the cell from apo-
Motic pathwavs activated by metabolic stress
of complex [. Genes associaied with retinoid
interferon-induced mortality (GRIM)- 19 is a
subunit of complex | that is cssential tor s
assembly and function (A7) HOMY infection
up-regulates steady-state mRENA levels of
some subunits of mitochondrial complexes |
1oV (.2, but vines infeetion has no impact on
CIRIM-19 protemn expression, up to 120 hours
poest anfection (hpd an U373 cells (hg. 82, A
and B, We did, however, detect changes in
GRIM- 1% localization in responsc 1o rotenone
and virus infection. In U373 cells, GRIM-19
expression appeared o be diffuse throughout
the evtoplasm of the cell (Fig. 2A), and it be-

o

A Mnch Toleda AR2.7Tol AR TTol-Rav Con B2.7
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& 1 2
. -
1 2 3 4 5 B T @ Con B2.7
sararecn [
1 2

Fig. 1. HOMV protects cells from rotenone-induced apoptosis. (A} Percentage of TUNEL-positive
cells in mock- (1 and 2), Toledo- (3 and 4), AR2.7Tol- {5 and &), and AP2.7Tol-Revertant
(Ap2.7Tol-Revi—infected (7 and 8) U373 cells incubated with acetone (1, 3, 5, and 7) or rotenone
(ROT) (2, 4, &, and B). n = 3 independent experiments. Asterisks denote P < 0.01 with Student’s ¢
test. Error bars indicate 1 SEM. (B) Percentage of TUMEL-positive pREP10- (Con) (1) and pREP10-4
2. 7-transfected (2) cells incubated with rotenone. from three independent analyses. Reverse
transcription (RT)=PCR for [i2.7 expression in pREP10- (lane 1) and pREP1D-[i2.7-transfected (lane

21 cells is shown.

came relocalized imo discrete  perinuclear
clumps afier the addiion of rolcnone 1o
uninfiected U373 cells. However, preinlection
with Toledo prevented this relocalceation | Fig.
240 GRIM-19 5 known 1w Jocaliee 1o the
nucleus wnder certain conditions (£3), and it
also inmermcts with the signal ransducer and
activator ol transcription (STAT 3 prodein o
prevent the nuclear impont of STAT-3 in a
perinuclear location (/49 Although the GRIM-
19 i Toledo-infected U373 remamed pre-
dominantly evioplasmic within the cell, it did
exhibit a more puncluate pattem within the
cytoplasm {Fig. 2A), perbaps suggesting more
mssocttiion with miochondria, However,
FICMY itsellhas profound eflects on mitochon-
drial shape and localzzation aller infection (1.5),
md this may also panilly account for the
difference in GRIM-19 stinming, In contrast, m
AR TTol-nlectal eells, the rotenone-indwced
pernuchear relocalization ol the GRIM-1%
protein was still observed (Fiee 2AL identical
o that observed with uninfected cells reated
with motenone (d in Fig. 2A). Thus, micnone-
induced mitochondrial stress promotes the
rebocalization of GRIM-19 within the cell,
which can be alrogated by expression of the
HCMVY B2.7 transerpt,

We next tested whether this eflect on GRIM-
19 relocalizanon was due o a physical interac-
ton between the GRIM-19 protem and (2.7
RNA dunng infecton. 2.7 BNA was speciii-
clly immunoprecipitaied  from infected  cells
with An anithody 10 GRIM-19 (Fig. 2By We
also observed an interaction with native
complex I, which is found only on the inner
mitochondrial membrane, suggesting that the
micraction between 2.7 RNA and GRIM-19
targets complex [ m mitochondna, No pmuno-
precipitition of @ similarly abundam viml BNA
(IET2 in Fig. 2, B and C) with GRIM-I4,
complex 1. or complex V' (Fig. 2C) was
ohaerved. As expected, analvses usmyg the
Ap2TTol virus showed no {2, 7-specihe poly-
merase chain reaction (PCR) bhad (Fig, 2D,

In a reciprocal analysis, we capauned (2.7
RNA with the wse of biotin-labeled oligo-
nucleotide probes (Fig. 2E) Immunoprecipita-
tions ([Ps) of the {2 7-coptured complexes did
contain GRIM-19 (Fig. 2F) Thus, §2.7 RNA
specifically imtemcts with GRIM-19, bat with
few other proteins in vivi,

The observed physical interaction with
GRIM-19 and complex | was investigated
further. Active complex [ supports the fonmation
of an clectrochemical gradient (AM) across
the mner mitochondrial membrane, which s
imperative for the efficient production of
adenosine triphosplate (ATP) (/6). Expression
of f2.7 ENA during infection or transfection
protected AMM stabality from rolenone (g, 53,
A and B suggesting that the 2.7 RENA
imteraction with complex | could alfect mito-
chondrial encrgy  production under oxidative
siress after infection. Previous data have shown
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that, unlike in herpes simplex virus (7). ATP
levels i HOMY-mtected cells are mamtamed a
24 bipi (48} a reguirement probably atinbuiable
to HOCMVE" comparatively protracted  growth

phase (149, We therefore malveed the role of

P27 m ATT production.

Rotenone substantially reduced ATP produse-
tion i LI373 cells (75% reduction, | and 2 in Fig.
3A) However, m Toledo-infeored cells, only a
1.2-fold reduwction wis observed (84 10 67
Fig. 3A) suggesting that HOMY protected ATP
production im infected cells In AR2, 7 Tol-infected
cells, motenone trestment resulted in a 2.5-fold
depletion of intracellular ATP {77
Fig. 3A) A1t bipa, befiore 2.7 RNA expression,
fo protection from rotenone-mduced ATP deple-

W m

1o 33% m

tion oecurmed (g, 540 Using o secomd strain of

HOMY ADLOY that encodes two copics of the

2.7 gene, we climinated the possibility that
ereen luorescent protein (GFF) expression from
the B2.7
elfect, because a recombinant ADTGY virus still
expressing GFP amd one functional copy of the
(2.7 gene mantined ATP levels (Fig. 3A)
ithe (2.7 tramscripl s important for
maintainmge ATP production.

W hvpothesized that the impact of f2.7
expression on ATP production may be more
prodound at kater tmes of infection. Analysis in
the absenee of rotenone showed that ATP kevels
in AR2. 7 Tol dropped significantly (P =< .01y m 3
davs post infection (dpi), in direct contrast with

gene locus would have a phenotypic

Thus.

Toledo-mfected cells. Confirmation that the
difference was not an artfact of GFP produc-
tion was performed with the ADIGS-GFP

infected cells, inwhich the levels of ATP were

comparable to those of the parem virus AD 16
{Fig. 3B

Deletion of the viral B2.7 pene from HCMY
has no sipmbicant ellects on provwth Kinetics m
fibroblasts (7) (Fig. 4A) At sy, this appears o
be contradictory: however, fibroblasts are par-
ticulady resistant o the induction of apoplosis
by rotenone and oxidative stress (20). as
compancd with neuronal cells (20). However, a
AR TTol growth defect was observed when
compared  with the Toledo virus (Fig. 4B),
which was more profound i the presence of
rotentone {Fig. 4B, as 1s entirely consistent with
the B2.7 transcrpd supporting vines production
i times of metabolic stress, Tissue cullure was
performed i glucose-conched  medi, and
fibroblasts, particulurly o times of diminished
ATP production from the cloctmon transpon

A

a b

Toledo AR2.7Tol

Fig. 2. HCMV interacts with and prevents the rotenone-induced
relocalization of, GRIM-19 in wirally infected cells. (A) GRIM-19
localization fred) in mock- (a and d), Toledo- (b and e}, and Ap2.7Tol-
infected (c and ) U373 cells incubated with selvent control (Con) (a, c,
and e} or rotenone (b, d, and ) 24 hpi. (B to D) Immunoprecipitation of
control immunoglobulin G (lane 2), GRIM-19 (G-1%) (lane 3}, native
complex | (C-1} (lane 4), and native complex V (C-V) (lane 5) from
Toledo- (B and C) or A2, 7Tol-infected (D) cells, and RT-PCR for 2.7 [{B)

Fig. 3. {27 expression A

Do

Ha AT

np igh G0 C1 GV Ip g3 G8 C1 OV

B E2T PCR
Toledo vinus

c - e
.7 PCR AT virus

D EERSET
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=t L+ o7.4k0n
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and (D), lanes 1 to 5], IE72 (C), or a {2.7 PCR with no prior RT [(B), lanes
& to 10]. Inputs are shown in lane 1. (E} IPs on Toledo-infected cells with
anti-sense oligonucleotides to (2.7 (lane 3} or [E72 (lane 4} or with no
aligonucleatide (N} (lane 2). Silver stain of 1% input (INP} {lane 1), the
immunoprecipitated proteins {lanes 2 to 4), and known protein loading
contrals (5 to 500 ng, lanes 5 to 7) is shown. (F} GRIM-19 expression in
10% input {lane 1)} and the p2.7 {lane 2} and IE72 (lane 3) RNA-IP
samples.

maintains ATP produc-
tion in infected cells, (A}
Percentage of ATP con-
tent of mock- (1 and 2),
Afi2. 7Tol= (3 and 4),
Toledo- (Toll (5 and &),
AD16%-, and ADL169-
GFP-infected cells with
(2, 4, 6 B and 10) or
without (1, 3, 5, 7, and
9 rotenane for 2 hours %
was determined at 48

hpi, as compared to

Rl (%) a i 2 ¥ = * N *

100

normal U373 celis
3

Aslative lewels of ATP to

1 2 3 4 5 6 T B # 10

5

;

normal U3T3 cells

Fl
-

Ralathia levela sl ATP 8 [

mock (1), (Bl Percentage of ATP in mock- (1), AB2.7Tol- (2), Toledo- (3), AD16S- (4), or ADL6Y-GFP-infected cells (5) 5 dpi. n = 3 independent experiments.

Asterisks denote P < 0.01 with Student’s ¢ test. Error bars indicate 1 SEM.
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Fig. 4. Toledo, but not Ap2.7Tol, grows normally in metabolically C
stressed cells. (A} Growth of Toledo (triangle), AD16% (diamond},
AD169-GFP (square), or AP2.7Taol (cross) in human fibroblasts (HFs).
PFU, plague-forming wnits. (B) Growth of Toledo {(diamond and
triangle} or AP2.7Tol (square and cross) in U373 cells. At 24 hpi,
Toledo-infected (triangle) and Af2.7Tol-infected (cross) U373 cells
were incubated with rotenone (asterisk). (Ch Growth of Toledo (square
and cross) or ARZ.7Tol (diamond or triangle) in U373 and HF cells in

glucose-depleted media,

cham (ETC) vse ths addimonal glucose o
generate ATP via aliemate pmhways (220, We
observed that glucose-depleted media im-
paired the growth of the Af2.7Tol virus in
U373 and fibroblast cells, as compared with
Toledo (Fig. 40 This finding correlated with
i drop in ATP production in AR2.7Tol-infected
fibroblasts (g 553A) and the relocalization
of GRIM-19 m ARY.TTolinfected, bt not
Toledo-nfected. cells {hg. S58). Because cells
in vive are not exposed o such artificially
high levels of glucose and are more reliant on
the ETC for ATP production, the eifects of
P27 expression in vive on meabolizm are prob-
ably more overt than they are during (ssue
culture,

Meabolic dysfunction, the breakdown of
mitochondrial miegrity, amnd the release of pro-
apoptotic stimuli are hallmarks of mitochondria-
inchuced apoptosis (230, HIV=1 wrgets complex |
for degradation promoting apoplosis (24), pre-
sumably by promoting the formation of
reactive oxidative specics. Because of the
pivotal natune of mitochondna in cell death, n
15 not surprising that HOMY targets mitochon-
dra function and makes a concerted effort 0
subven the apoptotic response including LIL 36
{caspase inhibitor), UL37x1 (a B cell Ivmpho-
ma 2 boemolog with profound  anti-apeptotic
activity) (25, 20), and UL3R, which protects
infected cells from endoplasmic reticulum
stress (270 UL3Tx | is also known to promote
mitochondrial membrane stability (263 and is
predominamly active at late times of infoction

4
Days post infection

A2 TTol + rod

1 DOE=05

) 12 15

1 D0E+{

E
E 1.00E+03
|5
£
. 1.00E=02
g

o

ATYRIHE =l

(=48 hpid (24). In contrast, the f2.7 gene RNA
is expressed much cadier during  infection,
Consequently, it a5 likely that HOMY has
evolved multiple functions in order 10 hijack
the mitochondria in the cell to enable continued
cnergy production, as well as protection from
cell death.

An intnpuing aspect of this study 15 that an
RMA molecule s used directly 10 exen these
effects. Although ot lirst appearng unusual, this
mav represent o highly nefined viml strategy,
First, becawse of the sheer numbers of
mitochondna within the eell, the expression of
a highly abundam RNA allows the vins o
saturate these oreanclles effectively. Sceond, by
disposing of the need o translate the super-
abundant (2.7 RNA, the vinus can achieve this
elfect more guickly throughout the couse of
mtection.
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Regulation of CD8* T Cell Development
by Thymus-Specific Proteasomes

Shigeo Murata,»** Katsuhiro Sasaki,® Toshihike Kishimoto,** Shin-ichiro Niwa,*
Hidemi Hayashi,®® Yousuke Takahama,® Keiji Tanaka®

Proteasomes are responsible for generating peptides presented by the class | major histocompatibility
complex (MHC) molecules of the immune system. Here, we report the identification of a previously
unrecognized catalytic subunit called [5t, (35t is expressed exclusively in cortical thymic epithelial
cells, which are responsible for the positive selection of developing thymocytes. Although the
chymotrypsin-like activity of proteasomes is considered to be important for the production of peptides
with high affinities for MHC class | elefts, incorporation of 51 into proteasomes in place of 5 or
[35i selectively reduces this activity. We also found that f5t-defident mice displayed defective
development of CO8™ T cells in the thymus. Qur results suggest a key role for [15t in generating the
MHC class -restricted CD8" T cell repertoire during thymic selection.

olcasomes are multicatalviic  protcinase
Pmruplcw_-. that ane responsible for reme-
Inted proteolysis in cukarvotic cells and
cssential for the generation of anigenie peptides
presented by major histocompatibility complex
(MEC) class | molecules of the immune sysiem
in jawed veriebrates (f b Proteolvsis s conducted
by 2005 prodeasoames, which are lange compleses
composed of 28 subunits amanged as a eylinder
in four hateroheplameric fngs: ays, Ben for
and oy Among these, the three subunits called
[31, B2, and 33 perform the catabvtic function, In
verebrates, three additional [, P20, and B5i
subunits are induced by imerferon (IFN}-y and
are preferentially incorporated imo proteasomes,
These immunoprotcasomes  produce  antigenic
peptides more efliciemtly than do constintive
protessomes, and they play w1 important role in
the elimination of vinss-infected and wmor cells
by CDET T eells (20
Dunng a search for prvegsome-related genes
in a genome database (www.ensemblong), we
found a proviously unrecognized gene product
with high homology 1w 3 subunits of 208
proteasomcs. The pene encoding it is loeated
wdjacent to the gene for (35, and the gene product
is encoded by a single exon in both human and
mouse genomes (fig. S1A) Onhologous pencs
are found specilically in verebmtes, implying
that this gene emerged synchronously with genes
imvalved in adaptive immunity in evolution, as
did the immunoproteasomes (2). The expression
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of this gene was biased toward the thymus in an
expressed sequence g dutabase (UniGene
Mm 320090, Multiple sequence alignments
showed that its putative active=site threonine nesi-
due was preceded by a propepiide that ends with
a glveine residue, a hallmark of active [ subunits
(3-0) (fig. SIB). The dendrogram and homolo-
s g catalvtic [{ subunns ndicated itk close
relaton with {5 and f50(Fg. LA and fig, S1C),

REPORTS

and wee therefone named this gene 837, as a thymus-
specific (85 family member. Northem blot anal-
wsis confirmed the exclusive transeription of i35

i the thyvimus { [g. S1D) nmunoblot analysis of

vanows mose organs, with the wse of an anti-
body specific o 31 (anti-A31), unher confinmed
that the expression was thymus-speeific | Fig. 1B).
In comparison, (331 was predominantly expressed
in a broad mnge of mmme tssees (incleding the
thyrmus and splecn and 10 a leser extent in lung
and liverd, and it funther differed from the wide
distribution of 35 (Fig. 1B),

We next examined how [§3t 15 incomorated
into proteasomes. Thyvimic exiracts were imimu-
noprecipitated with an anmtibody 1o the 208
proteasome (anti-208), (cross-specific for all
2008 proteasomes ) and with anti-fi51, These anti-
hodics  immumodepleted 205 proteasomes and
[51, respectively l]]_lr', S2A) Quantitative mmu-
noblotting of af, an mvanable subunit of 205
protcasomes, reveaked tht 200 of the 208
prcasomces in the thymus contaim [55¢( iz, S28)
5 and B35 were barcly detected in the fH-
containing proteasomes, ndicating that B35 was
incorporated into 208 proteasomaes, in place of B3
or [i51 i Fig. 1O Moreover, the IFN-y-mducible
subunits Bl and 21 were preferennally mcor-
porated mto the fStcontamng proleasomes, m

c P D
IP20S = & Mn" 2 & y -
(thyrmus) ] =
-[".-- 'H-.'-' A: - ?
L
i — — > nl':.ﬁ"' ‘., e
(1] — (thymus) "?
p2 _— i g ’ Tl
poi . H
IP:205 3 8 -
a5 - {brain)

< 7

Fig. 1. [15t s a catalytic proteasome subunit in the thymus. (A} Percentages of amino acid sequence
identities (boxed in black) and similarities (white box) among primary structures of mouse catalytic
subunits ebtained with the BLAST2 program (28). (B) |mmunoblot analysis of various tissues of 3-week-
old mice with the indicated antibodies, {C) Extracts of mouse thymus were immunoprecipitated with anti-
205 or anti-ji5t, followed by immunoblotting with the indicated antibodies. IP, immunoprecipitation. (D)
20-PAGE analysis of samples in (C) with Coomassie staining. 205 proteasomes of brain extracts represent
constitutive proteasomes. All spots were identified by tandem mass spectrometry. One of the [i5t spots
{represented by arrows) overlaps with that of wé,
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place of constitutive subunits [§1 and (32 (Fig.
1CL The above findings were further con-
firmied by analysis of the precipitated products
by two-dimensional polyacrylamide gel clec-
trophoresis (20-PAGE) (Fig. 1D, Spots for
(1. B2, B3, and 31 were fntly detected in the
Bit-coniaining prolcasomes, whereas spols
for @51 emerged wgether with those for Bli
and [2i (Fig. 1D, middle). We therefone pro-
povse (o call this distinet subtype of profeisomes
“thymoeproteasomes.”

Proteasomes are responsible for the produc-
tion of MHC class [-binding peptides and the
sole enzymes that determine the C temmim of the
peptides (7, &) Previous crystal  structural
studies ol MHC cliss | compleses have revealed
that the hydrophobic C-terminal anchor residues
of the peptides ane esential for high-aflinity

peptide binding ino the clefis of MHC class |
complexes (9). Some types of MHC mobecules
prefer basic C denmini (). The 208 proicasomes
have at least three types of peptidase activities
(chymotryvpsim-like, tvpsin-hike, and caspase-
like activities), which cleave peptide bonds afier
hydrophobic, basic, and acidic amino acids, res-
pectively (0. The specificity 15 determimed by
the nature of the amino acids that compose the
so-called 51 pocket (48, 120 For the production
of high-aifinmy MHC class [ ligands, the
cliymotry psin-like sctivity camiod by 55 md [5i,
whiose 51 pockets ane composed mostly of Tydno-
phobic amine acids, is importam (43 A compar-
ison of the 51 pockets of the three B3 families
revebed that the pocket of 50 is mamly composad
of hyvdrmophilic residues, in1 marked contrst 1o
those of B5 and B5i (Fig. 2A) sugeesting that

thymoprotcasomes hove weaker chymotrypsins
like activity. To test this idea, we analyeed the
pepiidase activities of fSt-overexpressing cells,
wherne —90% of B3 was replaced by B51 (Fig. 2, B
i C). We observed that the precursor fomms of
B3t wene processed into mawre lomms afler
meorporation o 208 and 268 proicasomes
(Fig. 2B, bowom left)h In fStexpressing cells,
the chyvmorvpsin-like activity was exclusivels
rechuced by 60 o 705, withowt atfecting the other
two activitkes i both 208 and 265 fractions (Fiz
28, Kinetic analysis of the chvmotrvpsin-like
activity revealed that 5 neduced both the
maximum velocity and the Michaelis constam
witlues for the activity (Fig. 200, which s oppo-
site 1o the effect that B5i has on these guantities
(140 However, these cells still possessed nomal
prfein-degrading activity, as assessed by the

205 SDS(+ 265 205 265
B 0 (+) , L SDS(-} >
Chymatrypsin-like Chymaotrypsin-like
s 8300
400 LE]
300w ¥t
E ﬁ LT-. € KD 100
s} 2 —
=1 E =& @ 1 n
i =[i5-Flag % HE W T W 17 M M B hodEm S M m M oa U WO W W W T N DN NN TN
4] = ; =Tl
B -_ o AEndogenous Em Caspase-like Caspase-like
BS z %
6 amm
A e
8000
7 200
Flag — 51 lag o
-1[i5-Flag . et
ﬂ & @ W iE W OIT W W R N IR M OB R IT N 5'1 MOiF W T W W OB OH BB M E NTTHN
P Wam
al B51-F20 ) b i i —— Trypsin-like
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Fig. 2. [i5t selectively reduces the chymotrypsin-ike activity of proteasomes. (A)
Alignment of amino acid residues organizing the 51 podkets of [35 families. The
hydrophobic and hydrophilic amino acid residues are boxed in black and white,
respectively. The numbers represent the position from the active-site threonine.
(B} Peptidase activities of human embryonic kidney—293 T cells expressing
human [i5t-Flag (open circles), [i5-Flag (black squares), or mock cells (black
circles) in the presence {left) and absence (right) of 0.025% SDS. Arrowheads
indicate the peak locations of 205 proteasomes and 265 proteasomes, proven by
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immunoblot analysis of each fraction (bottom left). p, precursor; m, mature;
asterisk, nonproteasomal activity. (€} Fraction numbers 2% in (B) were
immunoblotted for §5, <6, and Flag. (D) Hanes-Woolf plots for chymetrypsin-
like activity of 265 proteasomes (pools of fraction numbers 24 to 26} from mock
cells (black circles) and 35t cells (open circles), Suc-LLVY-MCA, succimyl-Leu-Lew-
Val-Tyr-d-methydcoumanyl-T-amide; [S], substrate concentration. (E)} Cell extracts
from (B) were assayed for adenosine triphosphate—dependent protein
degradation activity using ¢ labeled ODC. Mean = SD; 1 = 3 expeniments,
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degradation of omithine decarboxylase (0}
(Fag 2E} (/3]

The thymus is responsible for generating a T
cell repenoire that specifically recogniees sell-
peptide - MEC (self-pMHC ) complexes and wl-
crites selantigens. Thymic stromal cells repre-
sent a heterogencous mixiure ol cell types and
provide a proper microenvironment for develop-
ing thymocyies (Mo, £7) To idenify a cell pe

that expresses [51, we immumostained sections of

mowse thymus for G510 and markers for thyome
stromal cells (Fig 3. A and B) % was exclu-
sively expressed in the thvmic corex, which is
quite similar 1o the expression of Lyv3 1. a marker
for conical thymic epithelial cells (¢TECs). The
dstrbution of 510 was distinet (o that of cclls
that banad to Cfew everopaens agglutimin TIUEA-T),
a marker for medullary TECs: CD ke, a marker
for dendmuc cells; and MTS13, a marker for
fibroblasts (Fig, 3AMCE- 20 A magm fed image
of the corex, revealed that the reticular stining
pattern of 351 15 nearly klentical o that of Ly51,
indicating that B30 5 exclusively expressed in
cTECs (Fig. 3B).

To conlinm this conclusion, difTerent cell pop-
ulations of the thyimus were isolated. Immune-
bl amalysis demonstrated that 351 18 specilically
expressed m Ly 5 l-positive cells and 15 not de-
tected in any other stromal célls or in CD45
cells that are mostly composed of thymocyies
{Fig. 30 A comparnson of Ly Epositive cells with
murne embryonic fibroblasts that were treated
with or withowut IFN=y [in which almost all the
PrOfCA=sOMmes ane Iimurnoe- and constittive o=

Fig. 3. [i5t is specifically expressed in = A
cTECs. (A and B) Cryosections of mouse
thymus were immunostained for [SL,
together with Ly31, UEA-I, CD1lc, or
MT515. (C) Various populations of cells
fram the thymus were immunoblotted
for [i5t and «é {(a loading control for
proteasomes). (D)} Contents of thymo-
proteasomes in Ly 1-positive cells were
analyzed by immunoblotting. MEF, mu-
rine embryonic fibroblast.
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teasomes, respectively (20)] revealed that the
majority of powcasomes n ¢TECs were thymo-
[3l1
and B Also, the expression levels of B3 and
P31 were markedly down-regulmed in ¢TECs
(Fig. 300

To clanfy the physiolos
venerated  B3-delicient mice. The BSt-codimge
sequence was substituted  for cDNA encoding
the prdein Vemus o adentify fi-cxpressing
cells (Fig. 4A) The loss of B3 proteins in the
5t thvmus and the expression of Venus in
the @5t and (507 thymuses were confinmed

proteasomes containing 351, together with

cal role of 5, we

by immunoblotting (Fig, 48) An nspection of

|1..‘"1'. and 5t mice with fluorescence dem-
ofsteated that the expression of Venus (e, B5t)
wits limited 1o the cortex of the thymus with o
reticular pattern similar w that of ¢TECs (fig.
53 Ao C), Cortical and medullary architee-

tures, as well as the sige of the thymuses of

F3CT mice, wene indistinguishable from those
of B3 mice (fig. 53, B and Cr When thymic
stromal cells from B3 mice were analyzed by
Now cyviometry, all Venus-exprossing cells were
MHC class 11 1-A" positive (Fig. 4C). Funher-
more, we examined the relationship between
Wenus and Ly51 expression i the 1-AY positive
population (Fig, 4130, Weadentfied three distint
populations. Among  them, the Venus LvS 1

population wis the lapest, constituting 50% ol
I-AR positive cells. There was o smalker popu-
lation of Venus LyS1T that constituted 11% of
[-AY positive cells, These results demonstmte
that all pSt-expressing cells are 1-AY Lys1”

Madqdin

Corins

Mearge

CTECs and that this population makes up =¥1%
of cTECs.

It has been suggesied that ¢TECs are mainly
responsible for positive selection by presenting
ligands on MHC molecules wo CD4CDR
double-posative (PP thymoewies (22-25) We
therefore examined how 351 is mvolved in the

function of ¢eTECs. Flow evtometry analvsis of

thymiocytes revealed that B3 deficwency was as-
sociated with a markedly low percemtage of CDR
single-positive (SP) thymoeyies but not with the
percentage of CD4 5P thymocvies (Fig, 4E) A
faree proportion (80 7% of wild-tvpe (W THC DS
SP thyvmocyies expressed high levels of T cell
receptor [ TCRB)Y, resembling positively selected
cells (Fie. 4F, lefly (26), In conteast, a much
snutller proportion (30.2%) of CDE SP thymoe-
eyles cxpressed high levels of TORP in 31

mice (Fig. 4F, right), supgeesiing that many of the
CDE SP ihymocytes of 51
thyrmsevies that are transitory. intenmedines be-
twoen double-negative (M) and DP thymooyies
(27 Consequently, the mtio of CD4 5P eclls w
CDE SPeells m B30 mice was markedly higher
than that in WT mice (Fig. 405). The ratio was
also sipnificantly elevated o 50

PR Are mumalure

mice, al-
though the ditference was much smaller (Fig.
400, Total mumbers of DN, DP, md D4 SP
thymioevtes in {507 mice wene neardy identical to
those of 5t and WT mice. However, a
signilicantly low total number of CDE SP thy-
moevies wis observed in ST mice (Fig. 4H)
Selective reduction of CDE 5P T cells was also

observed in TCRPECH ) splenocyies of B30 mice
C 1 2 3 4 5 &6
-
T —— i
1: COME(+)

2 LySi{+)

A LEA«)Ly81(-)

4: CDV1e{«ILy51 [~ IUEA-R[-)

G: MHC class |if+ lLyS1({-jUEA-K-pCD110(-)
6: MHG class - lLyS1(-JUEA-W-pC0116(-)
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iFig. 4, | and ) These results demonstrate that
(331 15 required for the development of CDE™ T
cells inthe thymus and sugpest the possibility that
A5t deficiency is associated with defective
positive selection of CDR T cells,

During positive  selection, DI cells that
interact with seli-pMEC complexes expressed
oncTECs with sufficiently low allinity or avidity
are rescued from intrathymic death and mduced
to differentiate into CD4 or CDE SP thvmocytes,
The recogminon of MHC class [ molecules resulis

in commitment o the CD8 lincage (22-26) In
contrast, DP cells that imtemct with high afTiniy
or avidity with self-pMHC complexes are elim-
inated by the induction of apoptosis (22240
To date, however, mlonnation about whether
and how ¢ TECs can ofler specialized signals that
are suitable for positive sclection has been
elusivie. The present work demonstrtes that 5,
which is specilically expressed in ¢TECS, plays a
pivotal role in the development of CDE™ T cells,
What, then, is the mechanism for CDE™ T ecll

development regulated by 3517 The thymic
architectiure was apparently normal in B350 mice
ifig. 83, B and C). supgesting that f51 is not
essential Tor the ditferentistion and proliferation
of ¢TECs. Normal developmem of (D4 5P
thymocytes observed in B30 mice supports this
argument. Surface expression kevels of MHC
class [ on 50 o TECs were also comparable w
those of B3 ¢ TECs (i 540, It s assumed that
other {5 family members (e, B8 and f5i sub-
umits ) are ipcorporated moplace of 3G m cTECS of

"y
Al
WT allale -
Targeling VenusloeonEa]
veclor = ;
KO allele Wenus i 0eU-NDd §
c Y g . f
.
= -‘.:'-.-.'I'-"-'" I‘I'.' ;i ) . 1
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ks =1
e ;
e "0 bt
P v -
Venus

Fig. 4. Delfect in maturation of CDE* T F
cells in [i5t-deficient mice. (A) Structure of
the [35t genomic locus, targeting vector,
and targeted locus (left). KO, knockout; RY,
Eco RV: RI, Eco Rl PGK-nes, neomycin
resistance cassette; DT-A, diphtheria toxin
A. The cDNA encoding Venus replaced the
[35t coding sequence. Southern blot anal-
ysis of Eco RV—digested genamic DNA from H
embryonic stem cell clones, using the

®
i

TCRp

1.

DN DP CcD4 5P

CD8a 5P

indicated probe irighth, is shown. (B)

Immunoblotting of thymic extracts for -

35t and Venus. (C} CD45™ thymic cells

from 4-week-old 51" mice were ana- =
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lyzed for the expression of Venus and -A®

by flow cytometry. (D) CD4571-A™" thymic

cells were analyred for the expression of I
Venus and Ly51. (E) Dot plot analysis of
anti-C04 and anti-C08 staining of thymo-
oytes. The percentage of cells in each
quadrant is indicated. (F) TCR expression
on CD3 5P thymooytes. The percentages of
TCRE-positive cells are indicated. (G} Ratios
of C04 SP to CD8 SP thymocyles. n = 5§
mice in each group. *F = 0.05; *P < 0.01L
(H) T cell subpopulation of the thymuses
(mean = 50, m = 5 mice), (1) Dot plot
analysis of anti-CD4 and anti-CD8 stain-
ing of TCRE(+) splenocytes. The percen-

tages of CD4" and CDB" cells are indicated. (]) Ratios of CD4™ to CDB" splenocytes. n = 5 mice in each group. **P <0.01. !
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MICRORNA PACKS A WALLOP

MicroRNAs play a hitherto unsuspected, integral role in regulating gene
expression. But their short length, sequence similarities, multiplicity of mRNA
targets, and unpredictable pairing to those targets make studying them tricky. The
good news: Methods for analyzing more familiar RMA species have been adapted
for investigation of these extraordinary molecules and improved technologies are
constantly becoming available, By Bruce Goldman

ait! Stop. Don't toss oul that small-RMA fraction
It took researchers a while to break that habit. Tiny pieces
of RMNA were long thought to be mere degradation
fragments of more important langer molecules.

But it's nmow obvious that the famous formulation
enshrined as the Central Dogma of Molecular Biology
- “DNA makes RNA makes proteins™ = is only partly true,
Small noncoding RMAs called microRNAs (miRNAs),
typically about 21 or 22 nucleotides in length, exerl a
powerful posttranscriptional regulatory influence. By
binding to untranslated regions of messenger RNAsS
(mRMNAS), miRNAs stall ribosomal output of the proteins
encoded by the tarzget mENA, fine-tuning translation and,
on occasion, marking the target mRENA for degradation.
Gregory Hannon at Cold Spring Harbor Laboratory and his
colleagues recently reported findings implicating miRNA in DNA
methylation, too,

From being regarded as an oddity, miRNA has proceeded to the cutting edge
of biomedical research. After a sluggish start following isolation of the first miRNA,
from C. elegans in 1993, the number of human miRNAs logged on the Sanger
Institute’s miRBase Sequences Dalabase (a central re pository of validated miRNAs
in the public domain) has exploded in the past few years, and has now reached
almost 500,

“Smart scientists that we are, we managed to miss this entire class of incredibly
important regulatory molecules until the 21st century,” says Eric Lader, associate
director of research and development at Qiagen, a Germany-based supplier
of nucleic acid sample-preparation materials and polymerase chain reaction
(PCR) Kits,

But researchers are making up for lost time. While only four papers on miENA&
were published as recently as 2001, last year the number exceeded 600, “The likely
impact of miRNAS in mammalian biology is enormous,” says Carl Movina, of the
Dana-Farber Cancer Institute. *They play roles in differentiation and development,
chromosomal segregation and division, cell type-specific functioning, metabolism,
and apoptosis.” Alterations of miRNA expression, Novina continues, have been
correlated with numerous cancers and, at least in mice, with diabetes, spurring the
investigation of mikMA as a potential diagnostic and therapeutic tool.

One reason for the field's accelerating advance: The tools were already mostly
in place, “Over the last 20 years, an extraordinarily large number of really smart
molecular biologists worked out every technique you could ever desire to study
small RMAs while somehow scrupulously avoiding discovering too much about
them, so that people of my generation would have something to do,” marvels
Fhilip Zamare, prafessor of biomedical sciences and biachemistry at the University
of Massachusetts School of Medicine in Worcester. ontinued »

just wet.
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€6 we managed to miss this entire
class of incredibly important regulatory

molecules until the 21st century.”
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Those tools did require some maodification. Early RMNA
methodologies weren't optimized for ultrashort species such as
miRNA, which got tossed out with the bulfer solution. Nowadays,
companies selling sample-preparation tools, such as Giagen and
Ambion (acquired last year by Applied Biosystems), offer kits
adapted for isolating small RNAs.

Once you've found a given miRMA, Aguring out which mRNAs it
targets is nontrivial, at least in animals, as only six or seven of the
21 0r 22 nucleotides in an miRMNA sequence (the seed region) bind to
their mRMA targets in a sirict antisense fashion. This “fuzzy pairing,”
with the seed sequence dictating much, but not all, of binding
strength, makes it hard to predict mRENA targets computationally —
all the more so with the recent discovery that miEMA transcripts
get “edited”: Emzymatic nucleotide substitutions differentiate
them from their DNA sense-strand progenitars,

Finding New miRNAs

The sequencing of the human genome and partial elucidation of
miRNAs" structural features made it possible to do computational
searches for nucleotide stretches that could fold into characteristic
hairpin  structures and are conserved across species  lines.
Unfortunately, the vast majority of computational hits were false
positives,

Rosetta Genomics, an Israeli company that presciently began life
with an mikMNA focus in 2000, created a saphisticated algorithm that
located some 11 million hairpin structures, eliminated most of them
(those that are thermodynamically unstable, structurally suspect, or
located on protein-coding sequences or in repetitive elements), and
then filed patentsonthousands of candidate miRNAs, Ronit Aharanow,
executive vice president for intellectual property and computational
biology, says Rosetta has internally validated many miENAs not yet
listed on the Sanger database. In a highly cited 2005 article, Rosetta
Genomics scientists claimed that a significant number of these novel
mikNAs are conserved among primates but not other mammals, and
may therefare have played a major evolutionary role in the higher
complexity of primates, including humans.

Massively parallel oligonucleotide sequencing now appears to be
outstripping computational approaches for discovering novel miR NAs
and is even unveiling entirely new realms of small RMAs. In the past
year alone, groups led by David Bartel of Whitehead Institute at MIT
and by Hannon at Cold Spring Harbor have used this methodology to
discover two small RNA classes, each consisting of tens of thousands
of mambers, whose defining features differ considerably from those
of miRMA and from one another's.

454 Life Sciences, previously a Curagen subsidiary, was selling
its sequencing instrument along with reagents via a marketing
agreement with Roche Diagnostics, who has now purchased the
company outright. Each sequencing run yields between 200,000 and
400,000 readouts of 100 to 250 nucleotides, A newer machine by
Solexa (now owned by lllumina) can deliver up to 20 million short
readouts of about 27 nucleotides. Although Solexa’s device may
truncate slightly longer small-RNA sequences—some species run 3o
bases —Hannon, who has used bath companies’ instruments, says it
usually provides enough information to identify a novel miRNA.

While the huge number of sequence readouts per run makes the
per sequence cost ultracheap, a single run is still quite expensive.
“¥ou don't need a computer to figure out 99.9 percent of all the

"You don't need a computer
to figure out 99.9 percent of al

the miRNAs in a human being.

1 just need a big budget.”

miRMAs in @ human being,” commenls Zamaore, *You just need a
big budget.”

There is a feeling among those in the feld that miRNA discoverny,
perse, is hitting the point of vanishing returns. “The numbers of new
miRMNAs we're detecting are diminishing,” confirms Novina.

What's Different?

Meanwhile, expression profiling of miRNA molecules, once they're
found, is a growth area. Microarray techniques for profiling RNA
expression, which were quite advanced by the time the study of
miRNA began, merely had 1o be adapted for use with smaller species.
Planar arrays are ideal for comparing small numbers of samples for
patterns of over- or underexpression of large numbers of miRMNAs,

Ambion was one of the first companies to focus on the miRMNA
tools markel. This company and its diagnostics-and-services spinoff,
Asuragen, have licensed Rosetta Genomics® candidate miRNAs for
their microarrays, which feature capture probes representing 13,349
sequences: several hundred of them from the public domain but
the vast majarity from Rosetta. Scott Hunicke-5mith, vice president
and general manager of Asuragen's service group, says, "You can
update a database every month, But you can't update content on
an array cost-effectively every month. We think most of the near-
term future releases of the Sanger database will probably already
be represented by these sequences.” Based on its own preliminary
initial validation studies (looking for expressien in a small number of
normal human tissues), Asuragen has already identified three to five
times the number of miRNAs that show up in the Sanger database.
Hunicke-Smith thinks this multiple could go to as high as 10 when
maore tissues are examined,

Invitrogen is another big player in the miRMA-microarray space.
Invitrogen’s microarray methodology makes it easy lo detect
differences in miRNA& expression between two samples —for example
tumaor versus normal lissue —whose respective miRNA fractions
fluoresce simultaneously at different frequencies, thus allowing
comparison of samples processed under identical conditions.
Invitrogen sells the microarray itself, the labeling kit, and a real-
time PCR kit for validating array data, says Invitrogen's research
and development lead, Christopher Adams. In May 2006 Invitrogen
launched a kit for specifically amplifying small RMAs. "4 lot of people
in the stem cell figld don't have a lot of cellular material available —
in some cases as few as 100 cells,” Adams notes. “Evaluating
miRNA expression in those circumstances can be a real challenge.”
The ultimate goal, he says, is o profile a single cell without any
amplification or other manipulation.

For some academic laboratories, an alternative to buying arrays
is to buy the probes and have them spotted onto arrays at their
institutions" own facilities. One leading probe supplier is Exigon, a
Danish company that manufactures “locked nucleic acids™ (LNAs).
Unlike RNA, whose ribose backbone is quite Rexible, continued »
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Exigon's synthetic oligonucleotide is chemically constrained, lacking
the probe'’s basesinte a hybridization-friendly conformation. Whereas
mikMAs® short size makes optimizing probe-melting temperatures
tricky, individual LNAs' compositions can be modulated to give them
wery similar melting temperatures.

When a researcher doesn't need to look atl the entire universe
of known mikNAs, but rather wants to select a set of them far, say,
exploring a diagnostic application, Luminex offers a new bead-based
technology that can multiplex up to a thousand samples— less costly
per run than microarrays —testing each against probes representing
320 miRMAs from the Sanger database. “The number of miRMAs that
will turn out to be relevant for a particular condition may be 20, or 10,
or five,” says Keld Sorensen, director of research and development.
“We expect scientists profiling miRNA for a particular medical
condition to want to run large numbers of samples. If you have a
thousand samples, you're going 1o want a multiplex system.,”

Unlike sequencing methodologies, hybridization technigues such
as Luminexs confront the dual challenge posed by miRMNAS' short
sequences and the lact that they often cluster in families whose
members may differ by as little as a single nucleotide. That doesn't
leave much room for discrimination. To tell them apart, Luminex
turned to Exigon's capture probes, Sorensen says,

Time and Place

An miRNA's role in development practically guarantees that it
will aften exhibit transient or highly tissue-specific expressian.
Chemistries that increase the stringency of binding, as LNAs do,
enhance in situ analysis, perfarmed to locate cells or tissues where
a particular miRNA is being expressed at a particular time in the
developmental cycle.

Iflocating miRMAs is getting easier. finding out what they do there
is still difficult, Attempts to learn about miRNA function usually boil
down to painstaking, labor-intensive experimentation, says Bartel
of Whitehead Institute, “You can use antisense reagents that will
inhibit the miRNA," he says, “But because each miRNA has hundreds
of targets, you'll still be at a bit of a loss as to what's the real
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mechanism for any effect you see.” Also, while miRNA function can
be transiently knocked down with standard or modified antisense
or RMAi approaches, cell division dilutes such agents. Furthermore,
different cell types vary in their susceptibility to transfection with
these substances. “There's no good, universal, or conventional way
of transfecting multiple, different cell lines,” says Roberl Setlerquist,
senior manager of research and development at Ambion. "Each of
them has to be optimized. And ance you get that worked out, you still
may not be able to get good miRMNA inhibition.”

How Do miRMNAs Work?

As the number of relevant mikNAs in humans approaches saturation,
and as ever more of them are subjected to expression profiling
and characterization within particular tissues or during various
developmental stages and disease states, attention is turning to the
tharny matter af target identification.

Typical computational approaches grossly overpredict the number
of targets, as a random search of seven-nucleotide sequences will
yield more than 500 hits, says Deepak Srivastava, director of the
Gladstone Institute of Cardiovascular Disease in San Francisco.
Srivastava hopes lo soon make public a more sophisticated
computational algorithm. “Only around 20 or 50 MIRNA targets have
been validated at the level of protein regulation. Virtually all of them
have something in common: The Largel site in the mRNA is located
in a stretch of RNA that is physically accessible to the miRMA."
Srivastava’s algorithm, in addition to searching the genome for spots
amenable to binding to miRNA seed regions, also screens out DMNA
strefches whose transcripts would be likely to form secondary RMNA
structures rendering them inaccessible to a corresponding miRNA.
Srivastava says this appears to significantly increase specificity,
although perhaps at the expense of sensitivity.

Says Bartel, “Learning the biological function of particular miRNA/
target interactions is certainly possible, But it's a lot of work, | don't
see any way around it,"

Complicating things, there can be several miRMNA-binding sites on
a single mRENA transcript. In a study published in early 2007, Bartel's
group picked a target mRNA with not one but seven predicted binding
sites for miRMA, all of which sat on a section of the maolecule whose
deletion, via a translocation in the corresponding gene, was known
to be associated with oncogenesis in humans. To see if the loss of
translational regulation by miRNA was indeed responsible, Bartel and
his colleagues created point mutations in each of the mRNA's seven
mikMNA-target sites - and observed the same tumor phenotype. “You
get the same results as if you had that translocation,” he says. “That
tells us that at least part of what's going on in those human tumars is
the loss of suppression of that gene,”

Bartel, who has long been out in front of the pack, says he's
accustomed to inventing his own technigues, but “companies are
making it alot easier for people who haven't been working on mik NAs
for the last six years."

A strong motive in any business, naturally, is to make money. But
there are other incentives in play, not least intellectual ones, "When
wau find out some miRNA is 100-fold downregulated in an early
cancer cell,” says Lader of Qiagen, “and you know one miRNA could
affect the expression of 100 genes, the allure of figuring out what's
going on is powerful,”

Bruce Goldman, a freelance science wiiler, lives in San Francisco,
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TissuE HOMOGENIZER

Bertin Technologies

wiww.bertin.fr

Multi-blocking Oligonucleotides

The Multi-Blocking Morpholing oliponuclectides inhibit the activity
of a targeted miRNA by blocking several steps of its maturation, The
oligonucleotides inhibit that activity by sterically interfering with: Drosha
cleavage of pri-messenger RNA, Dicer cleavage of pre-miRNA, loading of
mikNA anto the RNA-induced silencing complex (RISC), and recognition
of miRNA targets by the miRNA strand on RISC. The strategy is to
synthesize a 31-base Morpholino oligonucleotide that is complementary
to the mikRNA and extends one base over the flanking sequence past
the Drosha cleavage site, with the balance of the bases extending into
and complementary to the loop sequence. Because the loop contains
many unpaired bases, the Mulli-blocking Morpholine has many single-
stranded bases available for nucleate pairing and strand invasion. The
duplex portion of the miRNA sequence is not perfectly paired, favoring
invasion of the miRNA sequence by the Multi-blocking Morphalina.
Gene Tools

For information 541-929-7840

werw. gene-tools.com

MIRMA EXPRESSION ANALYSIS

A complete suite of reagents, instruments, and protocals is dedicated
to the investigation of miRNAs by guantitative reverse transcription-
polymerase chain reaction (gRT-PCE). The mirVana miRMA Isolation Kit,
TagMan miRNA RT Kit, TagMan miRNAassays, and 7900HT Fast Real-Time
PCR System provide a reliable and ready-to-use approach forquantitation
of miRMA expression levels from a variety of sample types. The products
offer a lower barrier to getting started and reduced technical variability
in experiments backed by solid technical support.

Ambion, an Applied Biosystems Business

For information 512-651-0200

www.ambion.com/catalog/workfows /miR NA

SMmALL INTERFERING-RNA

FlexiTube siRMA (small interfering-RMA] enhances the fexibility of
Qiagen's range of RNA interference (RNAI) solutions by providing a cost-
effective option for analysis of small numbers of human ar mouse genes.
FlexiTube sikRNAs are provided in economical 1-nmol amounts. They are
designed using neural network technology based on a large set of data
from siRMA experiments. The siRNA design is then checked for homalogy
to all other sequences of the genome using an up-to-date, nonredundant
sequence database and a proprietary homology analysis tool. Design
features include 3' untranslated regionfseed region analysis, single
nucleotide polymorphism avoidance, and interferon motif avoidance,
Qiagen

For information 800-426-8157

winnw.giagen.comsiRNA

For information +331 393061 69

The benchiop Precellys 24 is dedicated to the grinding, lysis, and homogenization of biological samples,
It cam handle difficult samples such as microorganisms and bacteria spores; hard tissues such as teeth and
bone; kidney, muscle, and hair; soil samples; plants; and mare. It can load up to 24 tubes simultaneously,
Protocals are flexible and easy to set. Buffer and samples are added in 2-ml tubes prefilled with specific
beads, either glass, ceramic, or metal. The single-use tubes prevent cross-contamination. The high speed and
specific mation guarantee homogeneous and efficient grinding for reproducible, high-quality results,

LINKER OLIGONUCLEOTIDES FOR MIRNA CLONING

Three different adenylated linker oligonucleotides are available for
miRMNA library construction without the use of ATR Linker-1 contains a
Ban-1 restriction site, Linker-2 contains Ava-l and Sty-l restriction sites,
Linker-3 contains EcoR-l and Msp-l restriction sites. All three linkers are
madified to prevent self-ligation and can improve the cloning efficiency of
miRMAs that have a §'-phosphate and react unfavorably when attaching
linkers using RNA ligase in the presence of ATR Traditionally, RNA ligase
makes use of ATP to adenylate the 5'-end of a single-stranded nucleic
acid sequence. The activated adenylated oligomer is then ligated to the
3'-0H of a second single-stranded sequence, In the absence of ATR, these
adenylated oligonuclectides containing a pyrophosphate linkage are
substrates for T4 RNA ligase.

Integrated DNA Technologies (1DT)

Forinformation 800-328-2661

www.idtdna.com

EukARYOTIC MRNA

The capping of in vitro transcribed RNA improves the stability and in vive
translation efficiency of transfected messenger RMA (mRNA) in most
eukaryotic cells. Capped mRMNA is also more efficiently translated in some
in vitro translation system. The ScriptCap m™G Capping System builds the
Cap 0structure found on the 5"-end of most eukaryotic mENA molecules.
Based on the trifunctional vaccinia virus capping engyme, this system
includes all of the companents necessary to convert RNA containing a
&'-triphosphate to Cap 0 RMA

Epicentre Biotechnologies

For infarmation 800-284-8474

www.epibio.com/scriptcapvce.asp

INTERNET ACCESS TO RNA

An array of RNA samples available through an e-commerce site include
those from common cancers suchas breastand colon cancer, The company
plans to add thousands of RNA samples from a wide range of diseases.
Each sample of total RNA is from an individual donor and supplied in
5-mg aliguots. Each sample includes clinical data and pathology report
details so the clinical context of the RNA can be understood. Each sample
has been quality-assured through the use of the Agilent Bioanalyzer and
confirmed to have an RNA integnty number of at least 6. This ensures
that the materials are suitable for all forms of gene expression analysis,
from Morthern blots to Affymetrix chips.

Asterand

For information 313-263-0960

solutions.asterand.cam

www_sciencemag.org/products
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POSITIONS OPEMN
STAFF ASSOCIATE

The candidare will be expecred o lead and con-
duct standard molecular and genetic analvsis exper-
iments designed to resalve the malecular basis of the
response to hvpoxia i the context of the mle of
carly growth response-1 in both in vieeo (cell cul-
mure ) and im vive (animal ) studies, The candidatce will
address the question of the role of cgr-1 i the bio-
lLsF'lq.'n] rl.'\|!l|::||'m.' (15 I'I:I"'Hihi.l al I]:l: Tramas r'||,‘|nl1 |'|n|n'|1:i||,
and acrivity level of a variery of candidare genes. To
accomplish these goals, the candidate will be re-
quired to design and cary out these studics with the
followmg expertise cscential as follows: Dutics will
involve cell culmure {both passamed commercally avail-
able cell limes and primary isolites from animal tssue),
maolecular and cellular biology assavs (it & required
that the suwecessful candidate be fully proficient in
BNA/MDNA mampulwion, subcloning, PCR, clectro-
phoresis, and melecular doningl, Affvmernic gene
chip expresion armays, and biochemical assays { West-
ern bletting, protein expresson, and analysis of sigmal
transduction pathways), The applicant must be able
to retrieve primary endetheial and infammaceny cdls,
such: as moneaytes and T and B lymphoctes, from
manese pssucs and peripheral blood. Thus, additional
duries will include the maintenance of the colonies
of animals necessary for these studies. This includes
amimal handling (comples breeding, genotyping,
inehucding prepartion of penomic DNA, restraction
enzvme digestions, Southermn bloming, and PCR).
Additionally, he /she will perform ether related dutics
ncessary to the Rinctioning of the Laboraany, recarch
preject, or work unic as assigned. It s expected tha
the successful candidane will be able to perform each of
the above duries independenthy and report findings to
the prnapal investigator on a daily basis.

The candidare must have a docroral degree and ar
least five vears of expenience in rescarch, including
expertise in cach mf:ﬁcw areas.

Drireat meguares to; Raren Evans, Divisional Ad-
miistrator, Division of Surgical Scances, Depart-
ment of Surgery ar e-mail: kmel@columbia edu,

Chininbia Ulmiversity & o Affinmaiee Aodon/ Equal Op-
parienity Eugplioper

RESEARCH ASSOCIATE (POSTDOCTORAL)
POSITIONS
Fluorescence Spectroscopy and Plasmonics

Two Rescarch Associate positions are avadable i
meral-enhanced Huorescence sensing.

Qualificarions: A h.DY, in p]'@.‘ik‘.i.l |.'|!1.-|.'|Ilisl|“}r1 Huar
rescenee spoctroscopy, o related disciplione s regquired
Quiahficatsons in biochemisoy and far cell baodogy are
aka desrable, Expertise i fluorescance, clinical sens-
ing, and metal-Huorophore interactions may be given
preference. The ideal candidace will have sipnificant cx-
penence in fluorescence spectroscopy, Huorescence
semsing, and biochemistry. Working  knowledge in
metal-Huorophere interactions, fiate-difference -
domain caloulagens and the Gbrication of noble-metal
nanostruciures is also desirable.

Salary: Cammensurate with expericnde,

Applicarions: Mease send a lerwer of application | ref-
crenang posiiion #300775 and 300793), current ne-
sume, and the contact detub of three references to
the EIII!IH'iHE: Dr. Chris I chd.n, Pn:rmrr,
Diirector: The Institute of Floorescence, Medical
Biotechnology Center, University of Maryland Bio-
technology Institute, 725 West Lombard Street,
Baltimore, MD 21201, E-mail: geddes@umbi.
. edu.

T Closing, date: Uniil a suitable candidaee is selecred.

RESEARCH PROFESSOR, Institute for Shock
Physics, Washington State Universty. The Institute
for Sheck Mhysics invites applications from ourstanding
experimental physicists with wen o 15 vears of post
Ph.D). expencnce in shock wave rescarch. OU5 eftizen-
:Irglp i rrq;u'rnf. This i"l::l'\il.i.ul'l e avalable immeds-
ately, Applicans shoukd view the posting at websine:
hittp:/ Swww shock.wsiLedu /opporunites for the

www.sciencecareers.org SCIENCE  VOL 316

apphication procedurcs. Equal Eaplepraon Oypguornadty/
Affimmanve Artion/ AIA,

1 JUNE 2007

HH“.ir! usda.goy

BESEARCH PLANT PATHOLOGIST
G5-0434-11/12
E52,912 o 582,446 Per Annum

The USDA-Apricultural Research Service, Sugar-
beet and Potato Besearch Unie ar Fargo, North
Drakoaa, is scckang a permancnr, full-ome, Rescarch
Mant Parhologst to conduct research ro alleviare dis-
case losses and enhance efficiency of sugarbeet pro-
duction, The mission of the Sugarbeer and Poraro
Researeh Uni is to i|'|'||!l|.‘hn:|: the t]llﬂ!il}' and iln::llir-
ability of sugarbeet and potato production through
fundamental research on germplasm enhamcement,
crop protection, and postharvest physiology, Be-
scarch resulis will senofy biochemical mechanisms
underlying parhogenidry and for virulence possessed
by sugarbect fungal and viral pathogens; provide
detection strategpes for important sugarbeet patho-
gens ar the specics and strain levels; and identify genes
{and their markers) and biocontrol agents that con-
dition natural resistanse in sugarbect to pathogens of
importance (o sugar production, A comprehensive
benehins package includes paid ack leave and annual
leave, life and IFI.C:]J'I:h insurance, a savings and invest-
ment plan (401K type), and a federal retirement plan.
Fil' myEre .II:IﬁII'|1'|.'I.|i.IH'| on 1|'I.i. rl.'!'.:.'lﬂ.'l] I!I'I:IE,I_,H:I] .'|:Il|.|.‘fl
or posiion, contact Jamie Wadzink ar welephone:
701-239-1203. Complere information and applica-
tion procedures may be obtained ar website:
httpe/ Swww.afm.ars.nsda.gov Sdivisions hed /
index.homl. To have a panted copy of the vacancy
announcement mailed to vou, call telephone: 701 -
239-1203 or e-mail: wadzinkj@fargo.ars.usda,
gov. Mail appleations o USDA-Agricultural Re-
scarch Service, Human Resources Division, Arn:
Keli A. Martin, 5601 Sunnyside Avenue, Stop
5106, Beltsville, MDY 20705-5 106, fax: 301-504-
1535; e-mail: sarecruit@arsusdagov. Applicatons
must be marked ARS-N7W-0212 and be postmarked
h!u' II.I|!|' 13, 2007. L5 |:|.l|-:|'.l|.n|.l|,|l L m]m'rl.'.']. LUsDA/
ARS is am Equel Opporturity Emploper and Prostder

CHIEF of RESEARCH SERVICE

The Minneapolis VA Medical Cenrer invites ap-
plicants for the position of Associane Chief of Staff
{ACOS) for Rescarch. This person will be responsible
for the oversight of all rescarch conducted ar the
Medical Cenrer including deparemental manage-
ment, program oversight and coordinaton, com-
pliance, strategic planning, and acdemic affiliatons
for rescarch, Candsdares muost hold an MDD, or Ph.D.
degree and be eligible for appointment ar the
University of Minnesora Medical School ar the
ASSOCIATE PROFESSOR or PROFESSOR
II..'\'I..'I. l".:n.|:l|;.ri4.:r!|;: witllil'l I]:l: VA '\:I'!.II;I'H i !|i5|1|!'
desirable. Applicants should have a record of dis-
tinguished accomplishments in academic rescarch
and substantial expenence m administration. The
suceesdful candidate wall be expected 1o maintain an
active rescarch program and 1o falicne growth of
new and existing rescarch programs ar the VA
including collaborative research with the University
Succossful expericnee in mentorship is essential, The
successful candidare must demonstrate an ability 1o
balance all elements of the WA"s mission and to work
collaboratively across all departments at the VA and
with appropnate departments at the University of
Minnesota, Interested camdidares should submic a
letter of interest and cwmiculum vitae o

Jan Ochsendorf
Minneapolis VA Medical Center-HEMS (05)
1 Veterans Dirive
Minncapolis, MIN 55417

Or ar fax: 612-725-2287. Telephone: 612-

725 20060,

1359
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Tenure-Track Position in Endocrinology and Metabolism and Human Obesity
NIDDK ({) National Institute of Diabetes and Digestive and Kidney Diseases

Wi seck an outstanding scientist to direet a vigorous. innovative research program in the Clinical Endocrine Section of
the Clinical Endocrinology Branch to advance knowledge in the area of obesity and weight regulation with particular
emphasis on the neuroendocrine aspects of weight regulation and the role of sleep in obesity.  Applicants must be
highly motivated and have a demonstrated track record through publications that address significant contributions to the
field of endocrinology and metabolism. The successiul candidate is expected o develop an independent, world-class
research program complementary to current investigations within the Branch. The position comes with generous start
up funds and on-going support.

The Clinical Endocrinology Branch, NIDDK is located on the main NIH campus in Bethesda, Maryland, a suburb of
Washington DC. The Branch represents interests similar in range 1w those ol an academic department. There are strong
interactions among the independent research groups, and the position offers unparalleled opportunities for interdisci-
plinary collaboration within NIDDK and throughout NIH. Applicants should submit a curriculum vitae, bibliography,
copies of three major publications, a summary of research accomplishments, a briel statement of future research zoals,
and arrange lor three letters of reference 1o be sent Lo:

Dr. James Balow, Chair, Search Committee, ¢/o Glynnis Vance. N1IDDEK, 9000 Rockville Pike, Buildine 10-C RC/
Room 5-2551, National Institutes of Health, Bethesda, MID 20892

Application Deadline: June 30, 2007

: Tenure-Track Position in Human Energy Metabolism
NIDDK (f::’ National Institute of Diabetes and Digestive and Kidney Diseases

We seek an outstanding scientist to directa vigorous, innovative research program inhuman energy metabolism and serve as Director
of the newly established Metabolic Core Laboratory (MCL), Clinical Endocninology Branch, NIDDK. The MCL performs a number
of analyses including exercise testing, physical activity monitoring, body composition measurement. and 24-hour energy expenditune
analysis in health and disease. Applicanis must be highly motivated and have a demonstrated track record through publications
that address significant contributions in the areas of energy expenditure and physical activity as it relates o metabolism and weight
regulation. The successiul candidate is expected o develop an independent, world-class research program complementary to current
investigations within the Branch and 1o successfully oversee the functioning of the MCL. The position comes with generous start
up funds and on-going support.

The Climeal Endocrinology Branch, NIDDK is located on the mam NIH campus in Bethesda, Maryland, a suburb ol Washington
DC. The Branch represents interests similar in range to those of an academice department. There are strong interactions among the
independent research groups. and the position offers unparalleled opportunities for interdisciplinary collaboration within NIDDK
and throughout NIH. Applicants should submit a curriculum vitae, bibliography, copies of three major publications, a summary of
research accomplishments, a briel statement of future research goals. and arrange for three letiers of reference 1o be sent to:

Dr. James Balow, Chair, Search Committee, ¢/o Glyvonis Vance, NIDDK, 2000 Rockville Pike, Building 10-CRC/Room 5-
2551, National Institutes of Health, Bethesda, MD 20892,

Application Deadline: June 30, 2007

THE NIH 15 DEDICATED TO BUILDING A DIVERSE COMMURNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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N‘IT)DK ((' Tenure-Track Position in Clinical Research in Diabetes and Kidney Disease
b7 National Institute of Diabetes and Digestive and Kidney Diseases

W seek an owstanding scientist to direct a vigorous, innovative clinical research program in the epidemiclogy, physiol-
ogy, and reatment of type 2 diabetes, diabetic nephropathy, and related disorders, Applicams must be highly motivated
and have a demonstrated track record through publications that address significant issues of causation, prevention, and
treatment of these conditions.  Applicants must also be licensed to practice medicing in one of the United States and
have substantial experience in communily relations, recruitment, and clinical research among US minority groups. The
successiul candidate is expected o develop an independent, world-class research program complementary (o current
investigations within the Phoenix Epidemiology and Clinical Research Branch (PECRB). The position comes with
cenerous start up funds and on-going support.

The PECRB, NIDDK is located in Phoenix, Arizona, The Branch represents interests similar in range to those of an
academic department. There are strong interactions among the independent research groups, and the position offers
unparalleled opporunities for interdisciplinary collaboration within NIDDK and throughout NIH. Applicants should
submit a curriculum vitae, bibliography, copies ol three major publications, a summary of research accomplishments,
a briel statement of future research goals, and arrange for three letiers of reference (o be sent 1o:

Dr. James Balow, Chair, Search Committee, ¢/o Glynnis Vance, NIDDEK., 9000 Rockville Pike, Bldg. 10-CRC/Rm.
5-2551, National Institutes of Health, Bethesda, MD 20892,

Application Deadline: June 30, 2007,

( POSTDOCTORAL FELLOWSHIPS IN MOLECULAR AND CELL BIOLOGY
NIDDK (/)) MNational Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)

We are seeking outstanding postdoctoral candidates holding a PhD, an MD or an MD-PhD with o background in molecular and cell biology and genetics interested
in the following rescarch lopics:

AV IDENTIFICATION OF NOVEL REGULATORS OF MESENCHYMALSTEM CELL SPECIFICATION

The luboratory studies the transerptional regulation ol adipogenesis and 15 currently miterested i the characterzation of novel melecules that can influemice adipocyie
cell lincage specification. I you would like to apply for a postdoctoral position in this laboratory, please send your curriculum vitae with a cover letter to Dy, Elisa-
bettz Mueller {elisabettam@mddk. nibugoy ). To learmn more about our research, please visit our lab website at hitp:/iniramuralniddk.nib.gov/research/Taculiy.
asp’People_1D=1T02

B) SKELETAL MUSCLE STEM CELL REGULATION

Our laboratory studies the role of TGEF -beta family inembers in skeletal imuscle developiment and metabolism. A postdoctoral poesition is available 1o study the regula-
middk nibugovh. To learmn more sbout our research, please visit our lab website a mmmuﬂkm&mmﬂﬂml&amm =
C) BIOLOGY OF SPHINGOLIPID SIGNALING

The laboratory studics the signaling functions of sphingelipids, a diverse group of cellular lipids, with focus on their robes in immumty and inflammation. 17 vou
would like 1o apply for a postdoctoral position i this laboratory, please send your currcilum vitae with a cover letter 1o Dr. Richard Prodo (projaiinh gov), To
leam more about our rescarch, please visit our lab website st http:/intramu ral.niddk.nibgoviresearch/faculty.asp? People_1D=1533

Applications will be reviewed upon receipt. The selected candidates wall be contacted for an interview within a moenth from the application




e NATIONAL INSTITUTES OF HEALTH

Tenure-Track Positions

NIDDK ({H) Liver Diseases Branch

New Research Initiative = Farty Liver Disease & Ohesity = Teanre Teack Position:. .

The Liver Diseases Branch of the National Institute of Diabetes and Digestive and kldtm |]I\|.,EIHLH [‘Mt[]l]l{r \alu:ml ln'-.tllut-:-\ ut [1L‘l|ﬂ'l
(NIH b invites applications for one tenure track position from scientists interested in basic and'or clinical research involving non-alcoholic fatty
liver discase and metabolic syndrome. Specific arcas of research interest melude pathogenesis and mechanism of metabolic derangement m non-
aleoholic faty liver discase and its pathophysiological link 1o insulin resistance and obesity. Priorty will be given w applicants an the Assistant
Professor level in traditional universities or those fimshing their post-docioral fellowship positions,

New Research Initiative — Liver Stem Cells - Tenure Track Position:

The Liver Discases Branch of the National Institute of Diabetes and Digestive and Kidney Discases (NIDDK), National Institutes of Health
(MIH) invites applications for one tenure track position from scientists interested in basic andior clinical research involving mammalian adult
stem cells. Specific arcas of rescarch anterest include functional differentiation and mechanism of development of adult tissue-derived stem cells,
especially those of the liver, and poiential clinical application of stem cell therapy in liver diseases, Priority will be given 1o applicanis ai the
Assistant Professor level in raditional universities or those finishing their post-doctoral/ fellowship positions,

The applicant must have a proven record of accomplishments and will be expected 1o propose and pursue an independent rescarch program in one
of these fields, The position ofTers unparalleled opportunities for imerdisciplinary collaboration within NIDDK and throughout NIH. The Liver
Diseases Branch of NIDDK is located on the main intramural campus of the NIH in Bethesda, Maryland, a suburb of Washington, D.C,
Interested applicamts should send a Curriculum Vitae and list of publications, copies of three major publications, a summary of research accom-
plishments, a plan for future research, and three leters of recommendation te Ms Michelle Brown, Search Committee, Liver Diseases Branch,
NIDDK, Building 10-9B16, NIH, Bethesda, MD. 20892-1800. Application deadline: September 15, 2007,

Postdoctoral Research
Training at NIH

Launch a career to improve human health

Work in one of 12560 of the most innovative and well-
equipped biomedical research laboratories in the world

Explore new options in interdisciplinary and
bench-to-bedside research

Develop the professional skills essential for success

Earn an excellent stipend and benefits

Click on www.training.nih.gov

Office of Intramural Training and Education

IHE MNIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS



Founding President

)D KAUST

King Abdullah University of Science and Technology

"The creation of KAUST with its high aspirations, bold design, and remarkable resources
Is an event of singular significance, not only for the Kingdom of Saudi Arabia, but for
the I"E'giﬂﬂ and thf_‘ W'Drld.“ - Prafessor Frank H. T. Rhodes, President Emeritus, Carnell University

The University

Qualifications

The King Abdullah University of Science and Technobogy (RAUST) is
'.h“:rll:j Bt in SH.JIII J'II’H‘.hId A% an inlermal I.Z-"li-]|| l:jrii.l|u;l[lf-:l‘\.'1.': reseanch
university dedicated to inspiring 3 new age of scientific achievement
in the Kingdom, the region, and beyoni. As an independent, merit-
based institution, KAUST will enable top researchers from around the
globe and across all cultures to work together to solve challenging
scientific and technological Esues. Secured with a multibillion dollas
endowment and an independent international Board of Trustees,
KAUST will partner with the world's leading unieersitics, rescarch
institutions, and the private sector to become a major new contnbutor
to the global network of collaborative research. The environmentally
sensitive campus, located on 3,200 acres on the Red Sea at Rabigh,
& set to open in 2009,

The Research

KALIST will focus on research that applies science and technology
to the problems of human neod, social advancement, and cconomic
development. Rather than organizing around academic disciplines,
KAUST will focus on eross-disciplinary, problem-oriented research
nstitutes, such as:

= Resources, Encrgy, and Environment

= Materials Science and Enginecring

= Bicsciences and Engineering

= Applicd Mathematics and Computational Science

Additionally, starting in 2007, the university is establshing its external
Global Research Partnership, which will provide multivear funding
of Collaborative Research Centers, KALST Investigators, and KAUST
Research Fellows around the warld,

The Students

KALST will use the highest standards of merit-tased apportunity

to attract male and female graduate students of exceptional

talent af all nationalities and religious faiths. The initial class of

250-350 KAUST graduate students will begin classes in 2009, At

maturity, KAUST will enroll about 2000 students in ME, MSE, and

Phl programs

Two programs will be offered:

* The KAUST Discovery Scholarship is o pre-enmollment program
that will support undergraduate students at their home institulions
before entering KAUST as master's degree candidates
The King Abdullah Scholars, with four-year funding developed
along the lines of the Fulbright, Rhodes, and Marshall awards, will
suppart outstanding students at leading unversitses workdwode,

A distinguished international academic and private-sector search
committee will identify outstanding candidates for the position of
KAUST Founding President. The search is open to academic and
non-academic candidates of significant accomplishment. Preferred
candidate qualifications include:
Uncompromising commitment to the mission, vision, and goak
of KALST
Significant leadership success in a major research university or
ather complex organigation
Substantial achievement in research, scholarship, and teaching
International experience and peer recognition
Demonstrated swccess in building a complex arganezation
Expenence in fostenng collaborations with academia, imdustry,
and government
Entrepreneurial instinets, organizational skills
Sensitivity toward, and understanding of, the distinctiee cultural,
religious, national, and regional sgnificance of KALIST
Ability to motivate and inspire the confidence and support of
internal constituencies and external audiences

Contact Information

Kom/Ferry International, which is assisting the KAUST Presidential
Search Committes, invites confidential inguiries, applications, and
nominatons” All communications will be held in atsolute confukence,
Applications should include 3 CV and letter explaining interest and
relevant experience; nominations should include nominees’ contact
information, including email address. The pasition is available
January 2008 or as soon thereafter as possible,

Kom/Ferry International

kAL Tpresident @ kornferry.com

John Kuhnle

Managing Director-Global Education Practice

Washington, DC 802-765-4543

Edvweard Hardwick

Senior Client Partner

Dupay, UAE 371-42-04-55-738

*KALIAT dee ot discriminate an the basis of gender, natianality, or religious [aith

Science(Careers.org




Theoretical
Staff Scientists

The Foundry's Theary Fadlity provides theoretical
suppoet to aid and complement experiments, guide
the development of new principles, and predict new
behavior and applications. Selected interest areas
include nanoelectronics, nanomechamics, energy-
melated sdence, and novel nanoscale materials,

The Facility has two opportinities at the term
leved for a Scwentist to perform original research
in two beoad areas: Mecharical, Dymamical,
and Thermal Properties at the Manoscale
(R20413), with focus on the use of atomistic
medecular dynamics and force-fields for the study
of mechanical, dynamical, and thermal phemomena
in nanostrectures; and Manoscale Soft Matter
(R20414), with focus on the use of statistical
mechanical models, molecular dynamics, andfor
mespscale and coarse-grined simulations for the
study of (e.g.) polymers, biomolecules, and hybrid
supramolecular assemblies at the nanoscale

Please apply online at hitp://jobsiblgov. Select
“Search™ and enter the comesponding job # in the
search field. In addition, please send the following
application  materials to the corresponding
email, Thieany 20413 @ enoom2.LbLgev ar
Theory2 D& li@tmmz.lhl.gm-. Include & negumes
or OV, summary of reseamh interests, research
plan in the foem of one or more research
proposals, and a List of &t least fve meference.
www Lbl.gow A4EED

KECK

SCHOOL OF MEDICINE

Zilkha Neurogenetic Institute ——
Keck School of Medicine
University of Southern California

CellulariMolecular/Systems Neurobiologist

The Zilkha Neurogenetie Institwie (ZNT) is reeruiting a candidiie 1o fill
a tenure-track position ot the level of Assistant or Associale Profossor,
The ZX1, which s supponed by major funding from WM. Keck Found:-
tion and other significant philanthropic sources, is housed & recently
completed Facility of 125,000 gsf, The goal of the ZNI is 1o catalyse a
major expansion in basic neuroscience rescarch at the Keck School of
Medicine (KSOM). We seck a neurobiologist, Ph.D. and'or M.D., with
an oulstanding academic record and an innovative research program in
cellular, molecular, or systems-level processes as they perain to fun-
damental aspectz of neural development and Tunction. The swocessiul
candidate will receive a generous start-up package and will become pan
of an active and growing rescarch group within the ZN1. The successfl
candidate will have a primary academic appointment in a basic science
deparment within the KSOM. He or she will have the opporunity to
participate in the scientific and teaching activities of the depanment, as
well as in USC's neuroscience praduate program.

Applicants should submit a curriculum vitee, aresearch plan, amd three
letters of recommendation to:
Jeannie Chen, Ph.Dx
Chair, Search Commitiee
Lilkha Meurogenctic Institute
Keek School of Medicine of USC
1501 San Pablo Street, ZNI-101
Los Angeles, CA 933

Women amod minovine codickies are encouraged 1o appily.
Egivedl Opporiimiy for aidsianding men and wiwnien,

& JOHNS HOPKINS
» BLOOMBERG
== SCHOOL « PUBLIC HEALTH

E.V. McCollum Professor and Chair
Biochemistry and Molecular Biology

The Johms Hopkins Bloomberg School of Public Health nvites applica-
tions for the endowed E.V, McCollum Professor and Chair of the Depart-
ment of Biochemisiry and Molecular Biology, The sucoesslul applicant
will have an independently funded research program. leadership skills,
and a vision for the integration of basic and public healih-based sciences
This position effers 2 unigue md exciting opportunity (o recruil new Fae-
ulty into excellent facilines and w build new programs at the mlersection
of hasic science, medicine and population healih.

The depanment is locaied within a collaborative and highly interactive
environment with superh core facilities of the Johns Hopkins Medical
Institutions. Within the depaniment there is a well-established raiming
progrm for PhD and masters students.

Applications should include a CV, statement of research interest and
visson of leadership for an outstanding basic scwence department in the
setting of a school of public health. Applications should be submited
by August 1, 2007, 1o
Chairman, Scarch Commitice
for Biochemistry and Molecular Biology
fo M. Susan Waldman, Special Assistant
(Mfice of the Dean
Johns Hopkins Bloomberg School of Public Health
615 N. Walfe 51, Room W 1041
Baltimore, M1 21205
suwaldmaa jhsph.edu

Senere Hoplkins Unfversiry s an Equed Oppartanite A ffiesative Acrion
Erplever commrinied to recruliing, supporiing and fostering a diverse
conmmimity of eutstanding Facoliv, stafl amd stocewis. AN applivanes
wita sfrere oy goend ave o 'Hfrrug._'u’ fer :r;lph 3

9Ny UNIVERSITY OF

HEaLTH SOUTH FLORIDA

ASSISTANT/ASSOCIATE PROFESSOR
Department of Molecular Pharmacology & Physiclogy
School of Biomedical Sciences

University of South Florida Heath,
College of Medicine, Tampa, Florida

The Depetiment of Molarulsr Phammscosgy & Piysobogy withn the Sehool of Blimalical Soences
ol the USE Health College of Medicise s sccepling spplicatsms for pvn sumseiune saming gy
{scalty poeitons o the beuel of Assd it/ Assnciste Prifessor. The s of [meest olods moleoula
andd eclube canlology, vadilar biolopy, Galievasciilar phamnaology. deakaile neinssm.
merFrmingy s neimophy e

LISF Health los o s cone e colfeges of Mokone, Nurdsg, sid Pable Health Al included e the
schools of Biomedical Sciosocs and Physacal Thengry, Curmonly, the Collepe off Modicms has over
S Nl -tmme oo Tacully, over 450 peidhoal students, andover |5 sindost n The Bicenodicul pradecilc
poopramn. b pasincrip with it alfiEabod Bosgritls, USF Health's nescanch Tunding Lt yor was 5164
il = e ghes half of which came from federal souroes. B has sescanch. amd clinical affiliafiom:
with Popim e Hospital & Research betiete, H. Lee Moffiz Cancer Conter, fhe Jobnmic B. Bynd S
Absheimer's Besaarch Inssitule, the Tiempa General Hospital, the AR Childros's Hospital, the Shriser's
Hospital for Chrildiron, mnd the James A Haley and Bay Pncs VA Modical Ceniers. USF & ome of only
o8 poblic and privaie ueversives s U8, thas have been dedprosed as Camepie Comprehensive
Docuom] Resesch Universingery High Bescarch Aot

Menmrem rogerancets for Al Profeecs include 3 MID, PR, or MOFHD wiih a minenom of
wn yean posidoctiwal enjerence ond evidenoe of coaBisual groath as o alaulon, menlor, aad
pendictive necercher. For Assocuile Profcasaon, o mssmus of lve vesss of gontimisds and jduc ve
scogampialuienl i m Awcie Prolesor of amiveest o rajiered. The sicceal) comlalae =
expeciod @ have a datmguished rooord of schidady ativity, evidenoe of sucoosafil Tondng o the
mibomil kevel and kchng caperionce in a modaalipadess camculem. A |\.|.'nll|.'|- of hushbng
mdendisci ey programs gl experence wigh sscoosfully menkormn g pradets sl modical stdosis
andl prensdoctoral-felios is sl desnal
canis sbhoaghl suboni, By omall o letier sunmmarisdeg S uu.u.lF;.lIum- anid miercsgs in ihe
s, Tubure rescanch planes, Updaiod camioalin vt amd the names and cosgsct information of live
:.'wFr\M'ﬂ.lI'h. Femenoes, Applicalions shoukl be e-mailal by September 1, 20FT 10 M, Yinesa Svor
Miber (vmyer@ bealthodedu) The review of maieriak will begin fmmedimely and will continue
et the position o Ncd. Coamperitive stot-up packages and silares will be provided commessunie
with ex pericece.

USF Health is comerisad 10 monseang i diveresy and wil gove indvidil oossademtnn i qidifed
applicas for this predion with eopencsce mn ctmrally divene senings, who posses vored keguage
s, or who tave @ mooond of rescarch issocs that sopponbenedit diverse commumitcs or eaching o
ditvime shiidond popubion. The Ulnreorsity of South Farls s s BV AATA Ingution, For dsahiiay
el s, conbe? Vasesss Aver Villler 51 53974-549 m 5 days of an cvord. Acvonling o
Harls biw, seorchmoneds, mcludag apslaations and scanchion o et mgs, w ajxs i he uhi




KENT STATE
UNIVERSITY

Faculty Positions in Liquid
Crystals and Biological Materials

Liguid Crystal Institute,
Chemical Physics
Interdisciplinary Program, and
Department of
Biological Sciences

In o major joant venture, the Ligquid Crystal
Institute/ Chemical Physics Interdisciplinary
Program and the Department of Biological
Sciences al Kent State Universily arg rL‘i.'IIJ!IiH.F
two new full-time faculty members to work in
the interdisciplinary field of experimental soft
matter. biomaterials, biological physics, and
maolbecular biology.

The positions are funded by the State of Ohio
and Kent State University, one with appoiniment
in the Liguid Crystal Instituie Clemical Physics
Interdisciplinary Program and one in the Deparnt-
meni of Biological Sciences, beginning Jamaary
1. 20008,

The posations ofler remarkable L“s-r-rlunllica. for
work in the area of hauid erystals, biopolvmers,
soft and complex systems. The Liquid Crysial
Institute i= a leader in basic and applicd iguid
erystal science, with a broad range ol research
activities, exemplary facilities, and a vibrant
scientific atmosphere. The Department of Bio-
logical Sciences houses exlensive core genomic,
proteomic, mecroscopy and imaging facilitics, and
Appors a |:|_\'|‘|u|!|ii|_' |.:r|1u-|.|'i5s|:i|!u|i|:|u|:\.' research
culiure. Furiher information is available on the
websites httpr/f'www.lel.kent.edu and htip:
fwwwkentedu/Diology.

For the Liguid Crystal Institute position, we seek
an experimental sciemtist focused on the physi-
cal properties of soft matter and biomatenals.
Responsibilities include conducting a vigorous
program of innovative and funded research,
supervising graduate students, and teaching
doctoral and masters level classes. Qualificas
tions: Ph.D. in Physics, Chemical Physics,
Baiophysics. Matenals Science, or reloted field.
Applicants must also have an established record
of high quality scholarly research and ability 1o
secune extromural funding.

For the Biology position, we seck a mokeculor
biologist focused on cross-disciplinary imlersc-
tions between biological systems and liquid
|.':I'I\'h|jll. and other biomaterials. The successiul
candidate will hove on integrated approach to
studies ab the cellular and molecular kevel, and
interest in applying advanced biomolecular and
malerials science concepts 1o biology and'or
medicine. Qualifications: Ph.D. in Biology,
Biochemiztry, or related ficld and postdoctoral
experience. Applicants must have an established
record of high quality scholarly research and will
he |.'~:|s-;|:|-l;d I M:\c.:k il sECiure cxll.-.lrl'll.lm[ fLificl
ing, Current extramural hmding is required for
app hicotions for senior ranks,

Review of applications will begin August 15,
2007, and continue until the positions are filled.
To apply. please submil a letier of application,
'V, and coniact information for ihree references
io: Prof, Jenathan V. Selinger, Ohio Eminent
Scholar in Soft Matter Theory, Liguid Crys-
tal Institute, Kent State Undversity, Kent OH
A4 242-00013 Tel: 330-672-2654; Fax: 330-672-
2796 E-madl: search2007 i lei kenteda,

Kewm Seote University iv an A firmative Action
Eequeal Qppoviuity Emplover amd eiconrages
aepdications from candidates whe would enhance
the diversity of the Undversiiv s facnly,

Founding Director and

Ontario Research Chairs
Biorefining Research Initiative (BRI)

Lakehead University is seeking outstanding schelars to fill two positions in fields relevant to
biorefining processes that transform low-value biomass feedstocks into multiple
higher-value products. Candidates with experience developing university-industry
partnerships will be highly valued.

Founding Director & Senior
Ontario Research Chair

{one position)

Prospective candidates must be senior scholars with an intemational reputation for
leadership and research excellence, a PhD in related discipline(s), and a demonsirated track
record of attracting external funding. The incumbent will be responsible for the overall
leadership and success of establishing a new Biorefining Research Initiative (BRI} which will
eventually become a research institute pending 3enate and Board approval. BRI is expected
to become a world-class centre of excellence dedicated to developing transformative
technologies and products from biomass. The Founding Director will also be responsible for
developing interdisciplinary research programs and mentering junior scientists and highly
qualified personnel, Lakehead University is committed to providing the resources required
for BRI success including space and the recruitment of faculty and technical staff as well as
provision of administrative assistance. The wiccessiul candidate will be appoeinted at the
full-professor level with tenure and with no teaching responsibilities.

Ontario Research Chair in
Biorefining Technologies

{one position)

Prospective candidates are expected to have a PhD in a related discipline(s), be scholars who
have achieved or have the potential to achieve international recognition in their field, and
have a demonstrated track record of attracting external funding, The successful candidate
will be given a tenure-track or tenured appointment at the associate or full-professor level
depending on credentials and experience and will have minimal teaching responsibilities.

The BRI has been made possible through a grant awarded by the Ontario Ministry of
Research and Innovation which will be endowed in perpetuity by Lakehead University

The successful candidates will be provided with competitive salaries and substantial

start-up funding.

Laokehead Universily is a comprefhensive university of 7, 700 students, 2,250 faculty and stalf, and
an aclive and growing research environment with its main campus in Thunder Bay and o brandh
carmpus in Orillia. We have nine faculties inciuding o Focully of Medicine. Laokeheod University
was designated “Conada’s Research University of the Year” in the undergraduate category for
research ntensity ond growth in 2006, Additional information abowt Lakehead University can be
found on our website ol www.lakeheadu.ca.

lakeheadu.ca | thunderbay.ca | orillia.ca

Applicants should submit a covering letter, curriculum vitae, brief five-year research
plan (candidates for Founding Director position should also provide a vision statement
for the BRI}, samples of research, and names of three references to:

Dr. Rui Wang, Vice-President Research, Lakehead University
955 Oliver Road, Thunder Bay, Ontario, Canada P7B 5E1
fax: (BO7) 346-7748 e-mail: rui.wang@lakeheadu.ca

Review of applications will begin on S5eptember 15, 2007.

VR T EOPTOET A0 ke S, SO iRl 0 I mOVARICE, 300 ECaLTEE S1aksatons e i quaiieg
AVl iCTAIIG woRTEn, vl Swisvies ADGnpoll panieed dvidl peond will dRsSlaeE Toe Qoliveo Bessireh S0ave Progoie
AT B0 FESIHONS OO Nomwiees wilh negard b naora ity ov cursf cosndy of esence.

LLakehead
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Universitat Karlsruhe (TH)

Forschungsuniversitdt - gagrindet 1825

KiT

Sartirabe hytiee sl T

The Universitaet Karlsruhe (TH) and the Forschungszentrum Karsruhe
are joining forces to form the Karlsruhe Institute of Technology (KIT) and
are planning to inlegrale their research activities both structurally and
sirategically. Within the framewaork of this award-winning concept for the
future, funded by the Germman Excellence Initiative, we seek applications
for the position of

Professor (W3)
for Theoretical Quantum Optics

at the Departmont of Physics. This position includes resounces equivalont
to an endowed chair,

We are looking for an expert In the area of theoretical quantum opties with

links to condensed-matter theory, The research of the applicant should

focus on (i) the realization of quantum-optics concepts in solid-state or

hybﬂ-d systems, (il) mal eflects in Wira-cold gases or (&) quantum-
formation processing and gquantum simulation.

The positicn offers excellent opporunities for collaboration within the
Department of Physics and with other dopartments of the university, with
he Research Conter Karlsrube (FZK) in the ramework of KIT, withen the
‘DFG-Cenler for Functional Nanosiruclures (CFN)® and the "Karlsruhe
School of Optics and Photonics (KSOPY.

Teaching duties inchede participation in the education of physics stedents
as well as of students majoring in other natural sciences or enginearing.

The Univarsity of Karsruhe aims to increase the number of female
professors and especially welcomes applications from women. Handicapped
persons with aqual qualifications will be prafamed.

In the case of a first appointment to a professorship the contract will not
be tenured initially. Exceptions from this rule are possible.

Applications with the usual credentials, coples of the five most important
publications and a statement about past and research and teaching
activities should be sent before June 23, 2007 to the Dean, Department
of Physics, Universitaet Karlsruhe -:'I'I-I]-. D-Te128 I\‘.lrtl.l'ul'un1 Germany.

NAVAL RESEARCH LABORATORY
Superintendent, Space Sclence Division

~%. MRL = Naval Research Laboratory = www.nrl.navy.mil
- ‘E 4555 Overook Ave 5W, Washington DC 20375

i, | i Senior Executive Service Career Opportunity
S . ES-1301M1310/1330: 5111,676 to 168,000 per annum*
*Rate limited to that rate for Level Il of the
Executive Schedule (5 U.S.C. 5304 (g} (2]}
Beeome a member of an elite research and development commumnity
involved in baskc and applicd scicatific research and advanced technological
development for tomorrow’s Nuavy and for the Mation.

* Manages, directs, and administers o recognized scientific work force con-
ducting a brond specirum research program in astrophysics, solor-terrestrinl
physics, wppermiddle atmospheric science, and astronomy.
Executive direction and technical leadership i the development of policics
and objectives necessary in conducting a program of research, development,
and evaluntion beading o the creation, adoption and apphication of improvesd
and new concepls, pnnciples, methods. sensors, and techniques applicable
1o understanding and observing the space ewironment,
Principal consultant to the Mavy, other agencies and nations on the science and
developng applications for the R&ED programs under hisher cognizance,
Applicants should be recognized as notional‘intermational suthorities and
should have planned and executed difficult programs of national significance
or specialized programs that show calstanding attainment in their field of
research,
Optienal Application for Federal Employment (OF-612), Application for
Federal Employment (SF-171 L or resume, along with technical qualifications
and Executive Core Qualifications (ECQs) must be reecived by 30 June
2007. In order to receive full consideration. all technical qualifications and
l:{‘l}'s miust be discussed in detail.
= Apply to: Naval Rescarch Laboratory, Announcement SNET-XX XX -0)-
K95 44664-5E5, 4555 Owverlook Avenue 5W, Washington, DC 20375-5320,
Faxed or emailed applications will not be accepted. To view full vacancy
announcement and'or to apply online visit https:/fre el navy. miljjobs/
index.him,
= For further information contoct Kathy Weaver, Human Resources Office,
MRL at Kathy.weavera nrloavv.mil or (202) 404-8305,

NRL is an Eguel Qpportunitv Exgploves

i

New Scientists, Senior scientists and Department
Research Director positions olfered at Novo Nordisk
China R&D center
Zhongguancun Life Science Park, Beijing, China

Nove Mosdisk is a focused healtheare company w2 world leader in dibetes
cure, Novo Nomdisk China R&ED (NNST) is an integrated pan of Novo
Mordisk's growing infernational R&D organiation, Building on its exiensive
expertise in pridein expression and purifscation, NNST actively identify and
validate nowvel drug targets inthe areas of cancer immunobogy umd inflammatony
disennes,

NNST has three departments: Molecular Brology, Protein Chemistry and
Cell Biology, We are now announcing new scientist positions m (hess
departmems and we are seeking for highly motivited scientists who plan (o
advance their career in China. The pew sciemtists will take pant in the
following responsibilities: 1) Expression, purilication and analysis of
therapeutic protems like e.g. mAbs produced and optimized o labormory o
pilod scale; 2) Novel drug arget identilication and evaluation of opponunities
in immuncale rapy of cancer and inflammation.

The suceessful cundidmes must have the following qualifications: 1) PhD,
in mnunclogy combined with one of the following core technologies: cell
biology, biochemistry, molecular biology or protein chemistry; 2) =2 years
{Post Doc. b hands-on expenence and o good scientific track record within
immuneloey, inflammation andfor cancer research; 31 preferentindly mdustry
andfor imemational experience; 4) independent innovator and at the same
time o strong team-player, enjoy problem solving and love the challenge of
achieving ambitious goals: 5) excellent communication =kills in English,
which is the odficial company linguage. In wbiition, the candidates for
Research Director of Protein Chemistry must have excellent track recond in
provtenn chemistry, and industrial & management experience.

Tile and compensation will be dependent on the idividual candidae's
gualifications, For detailed information regarding individual positions,
please check the website www.eblotrade. com/jobf. or send an inguiry via
e-gmint | Lo nastE novonord sk .com.

Asseciate Divector, Svientific Affairs
Montreal Newrological Institute and Hospital "%
MeGill Universigy

The Moentreal Neurological Instiiute and Hospital will hire an
Associate Director for Scientific Alffairs, who will implement the
scientific mission of the Insttate and Hospital under the
guidance of the Director. This person will be responsible for the
success of the scholarly mission of the Institute, which has both
basic research and clinical components, and engages about 75
faculty and 400 stalT members. He or she will play a central role
in the recruitment of new faculty, organizing the Insutute’s
mternal grant review program; preparing scientific  reports;
planning scientific retreats; and organizing large instinstional
grant applications. He or she will also serve as the liaison with
MeGill University and the MeGill University Hospital Centre
for academic and research issues. Strong interpersonal skills
and expertise inowriting are essential wlents for this position.
Applicants with MD or PhD degrees and experience in university
or industry-hased research organizations. or in foundations that
fund medical research will be of particular interest. Applications
should be sent by email 1o seientific-alTairs.mnid megill.ea or
by mail to:

D, David Colman
Director, Montreal Neurological Institute
3801 University Street, Room 636
Montreal, Quebec, H3A 2B4
www.mni.megill.ca

Deadline for receipt of applications s July 15, 2007, All
gualified candidates are encouraged o apply; however Canadi-
ans and permanent residents of Canada will be given priority.
MeGill University is committed to Equity in Employment




A DEPUTY DIRECTOR
1.-' National Institute of Diabetes and Digestive and Kidney Diseases g&
e Department of Health and Human Services eyt

Mational Institutes of Health

THE POSITION: The Mational Institute of Diabetes and Digestve and Kidney Discasces (NIDDE) i secking exceptional candidates for the
position of Deputy Director of the Institute, The incumbent serves as an active partner with the NIDDK Director in the leadershipofa 518
billion mational organieation that conducts and supports biomedical and behaviorl rescarche. The NIDDE supports and conducts rescanch 1o
understand, treat, and prevent some of the most common and severe discases affecting the public health, and disseminates rescarch findings
and health information o health care professionals, patients and the public through mational health information and education programs
(hipfwww2aniddkniboeovi). This position offers o wmique and exciting opportunity for an extremely capable individual 10 share
responsibility in providing strong and visionary leadership to an organization dedicated to uncovering new knowledge and wechnologies, both
basic and clinical, The NIDDE sceks candidates who have a commitment to scientific excellence and the enengy, enthusiasm, and innovative
thinking necessary w0 help lead major strategic planning mitiatives and their subsequent careful implementation. The Deputy will be expected
to represent, and speak on behalf of, the Director and the Instinute before Members of Congress and their stafts, high level Government
officials, leaders of national voluntary and professional health organizations, and leaders in business. scicnce and academia.

QUALIFICATIONS REQUIRED: Applicants must possess an M.D., Pl or equivalent degree, as well as semior-level research

cases: digestive diseases and nutrition; and kidney, urologic, and hematologic diseases. Candidates should be outstanding communicators
and known and respected within their professions as distinguished imdividoals of outstinding competence. Applicants should also
demonstrate the ability 1w think stratcgically, work collaboratively and use a consultative approach to problem solving and decision making.

SALARY/BENEFITS: Salary s commensurate with experience and a full package of Civil Service benefits s available, meluding:
retinement, health and life insurance, long term care insurance. leave and savings plan (401K equivalent). This position is subjcet to a
backeground investigation.

HOW TOAPPLY: A Curriculum Viae, Bibhiography, and two letters ol recommendation must be received by July 2, 2007, Application
packages should be sent 1o the National Institutes of Health (NIH), National Institute of Diabetes & Digestive & Kidney Diseases
(NIDDK), 31 Center Drive, MSC 25600, Building 31, Room %A-16, Bethesda, Maryland 20892, For further imformation, please call
(3001 ) 3947772, All information provided by candidates will remain confidential and will not be released owmside the NIDDK search
process without a signed release from candidates.

DHHS and XIH are Equal Opportunity Employers

UNIVERSITY

Faculty Position
Small Animal Imaging

The Deparimeent of Surgery of The Chio Stale
University Medical Center seeks a tenure-
reck or tenured full-time Geulty member at
the level of Assistant or Associate Professor o
develop a research progrom on small animal
imaging in the environment of the Division
of Cardisthoracic Surgery and Davis Hearl
and Lung Research Institute, The swceessful
candidate is a PhD andior MD with record
of active extramural research funding and
publications in cardiovascular biology, This
pessttion holds a co-appointment in the Depan-
ment of Biomedical Engincering.

Candidates should send acurriculum vitae and
a statement of current research/ funding activi-
ties 1o the Chair of the Search Committee:
Professor Chandan K. Scn
Vice Chairman of Rescarch
Department of Surgery
chandamsen@asumc.edu
Ph: 614-247-T786
Fax 614-247-TR18

Tl Ot Sterre Univerxity i an Eguel
Chppew ity Affarmative Action Emplover.
Wernrewn, meinowritivs, veterans and individhels
il alivenhilfties cre enconraged fo apply.

— Department of Health and Human Services
T« H =% | .g National Institutes of Health @
OHIO ~ National Heart, Lung and Blood Instituic e
Medical Offieer (Deputy Direetor), AD-602-0/0, Division of Lung Diseases

The Mational Heart, L, and Blood Instiute (SNHLE at the National Instintes of Health (NIH ) secks o
dynamic physician-saeniist o provide straegic leadership and advice 1o the Division Director, Branch
Chiefs, and other Division stafl on progrommatie and admimstrative aspects of the Division of Lung
DHseases { DL D) operations and overall direction of iis niutional and intemational research programs, DLD
supponts research on the causes, prevention, and treatment of lung diseases and sbeep disorders, Research is
fumwded through investigator-inginied and Instinde-initinied grant and coniract programs in disease areas
including asthima, chronie obstructive pulmonary discase, cystic fibrosis, ncurcliology and slecp, eritical
care and acute lung mjury, developmental biology and pedimne pulbmonary diseases, immumology and
fibross, lung cell and vascular bwlogy, and pulmonary complications of AIDS and wberculoss, The
Depaety will have o meajor role in shaping the national programs in pulmonary sesearch and training,
including meracting with professional, voluntary, and paticnt organizations, The Deputy wall work with
Drivision stafl in monitoring the Itest rescanch developments in the extramural scientific community as
well as identifving research gaps and necds, obtaining advice from experts in the field, and mplementing
prosgrames 1o address new opporunitics. Research supporied by the DLD encompasses a broad spectrum of
science ranging from stem cell ology 1o medical management of lung discases o well as supporting
traiming and development, dissemination of rescarch results, and publie education for these arcas of
rescarch. The Division has a major responsibility for research n all the major and rore pulmonary discases
with the exception of lung concer and certaim infectious diseases, The DLD has theee Bonches: Airway
Biology and Disease Branch, Lung Biology and Disease Brmch, and the National Center on Sleep
Disorders Rescarch. The incumbent of this positeon will be appointed indefimtely ingo the excepted service
under Title 42 a a sulary commensurate with he'her qualifications.

Sclective Factors: Applicants must possess an VLD, degree ag well as semior level rescarch experience,
evidence of leadership, and ability 1o interact successfully with a broad mnge of individuals. The
successiul candidate will be a respecied, accomplished sciemtist wath matwrity, integrity, and outstanding
communicition skills with the ability to view leadership as service. Applicant may be subjeci o a back-
prosiend imvestgation,

Benefits: Excellent health, life, wvestment, and personal leave benefits, In additeon, o recruitment bonus
may also be considered.  Position requirements and detailed application procedures are provided in the
vacancy announcement. Please apply online by accessing www.ausajobsopmgoy and refer 1o
NHLEBI-OT-186565. You may also submat o resume, o.v/mbliography or other format 1o: Meschelle
Young, Human Hesources Specialisi, 2115 East Jefferson Sireet, Roam 1E-133, Rockville, M
20852, All applications must be postmarked by the closing date 07-18-07. For addinonal information,
contact Meschelle Young a1 (301) 443-3358,

DHHAS and NTH are Equal Opportunin Emplayers
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GRANTS

Funding for Antimalarial Drug
Discovery Research in
Sub-Saharan Africa

* Funding of up to 1 million Euros over
three years is available for research
in Africa.

* Theaimis to build long-term sustainable
institutional capacity in the field of
antimalarial drug discovery.

Funding is supported by the EU FP6
financed AntiMal project in collaboration
with MIM/TDR

Full details are available at
http://www.antimal.eu

DISTINGUISHED PROFESSOR POSITIONS IN
CELL AND MOLECULAR BIOLOGY

The Department of Molecular Biosciences at the University of Kansas
on the besuniful Lawrence campus secks outstanding applicants for
twes endowed distinguished professorships, The Irving Johnson Dis-
tinguished Professor of Molecular Bislogy i= a tenured appomntment
at the rank of distinguished professor. The suceessful candidate will
be a molecular biolegist who has a well-established, internatomally
recognized program of research, We also invite applicants for a Distin-
guished Professorof Cell and Molecular Biology, We seck outstanding
applicants who conduet basic resemrch on penes and proteins that control
fundamental processes in living cells,

Applicants for either position must have a PhD. {or equivalent) and
sulficient post=-doctoral experience o qualily for a tenwered distinguished
professorship st the University of Kansas, For additional guidelines o
mformatien oo required qualifications. for an appoimtment as a Dhstin-
guished Professor, please mélfer 1o

htp:fwww.provost. kn.edw/policy faculty/dp_guidelines.shitml

Suceessful candidates will be expected to have and maintun an active
rescarch program and comnbute 1o the teaching mission of the depan-
ment.

For Tull position descnplions refer o www.malecularbiosciences. ko,
edu. Applicanis should submii a cover letter summarizing their quali-
fications and merest in the position, future research plans, teaching
philosophy and/or experience, curriculum vitae, and the names and
contact information of at least three references in a single PDF file 1o
molbiosearchikwedu or by mail 1o: Linda Wiley, Administrative
Assaciate, Molecular Biology Search, Department of Molecular Bio-
sciences, University of Kansas, 1200 Sunnyside Ave., Roam 2034,
Lawrence, K5 66045-7534. Initial review of applications will begin
Sepiember 7, 2007 and will continue until the positiens are flled.
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OPPORTUNITIES FOR EXCELLENCE

International PhD program at the
BIOZENTRUM
of the University of Basel, Switzerland

The Biozentrum together with the Werner Siemens-Foundation
(WSF), Zug (Switzerland) launches the International PhD program
in Molecular Life Sciences and encourages excellant students
1o apply for one ol the prestigious WSF feliowships.

The Biozentrum provides an internationally renowned research
environment centerad around three focal areas (infection Biology,
Growth and Developmant, Neurobiology) and two core programs
{Structural Biology & Biophysics and Genome Scale Biology &
Bisinformatics) and is dedicated 1o basic molecular and
biomedical research (httpJfeww. biozentrum,unibas.chf). We offer
advanced, inerdisciplinary training in the field of modern bialogy,
a lively and interactive educational aimosphere, and competitive
salaries with respect to European standards. University graduates
admitted to the Program receive theoretical and practical fraining,
and conduct a three-year research project under the supervision
of a Biozentrum faculty mambar, manitorad by a Thasis Advisory
Committas.

Applications to the program have to be submitfed online.
Application forms, requirements, and additional information can
be found under: htip://www.biozentrum.unibas.chiphd/.
Application deadline: July 1st, 2007.

What’s
your next
career move?

* Job Postings
* Job Alerts

* Resume/CV
Database

e Career Advice
from Next Wave

e Career Forum

Get help from the experts.

ScienceCareers.org
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MEETINGS

Conference & Exhibition
20-21 September 2007

Barcelona, Spain

Dastinguished Faculty

Wetharianty Cancer Imisutn adamsy. L.rﬂm. avmlsbls 0 v P,
e ety

[ + Certidi i RRA R S o

Betmpericn v daphed BoapiAeni

deveia © B Boncerces v B lad Prer——

Bcveazaree = Crllecwon = Crilc Fabhibiling Sjupilusie.

= Fuiqea & Deipraed DRA

AP kagus v | neliieght = Cps
Bowypiborii = Fakpla - Farifection
= Cpeii & BP0 » Bigpmia o Thames
i

Corstna Peul Raggen for detsss
P pa el Dt Thip e en DT
&4 [0} 1787 J1510T

Corporats Spanscry

] Iy
i Aveciu D o=xn: SIGMA @ invitrogen

RNAiEurope.com ?E}ELFJ

POSITIONS OPEN

POSITIONS OPEN

¥ o Department of Health and Huoman Services
i $ National Institutes of Health f:ﬁ
i e Mational Heard, Lung and Blood Institute -
MEDMCAL OFFICER OR HEALTH SCIENTIST ADMINISTRATOR
Pulmaonary and Sleep Disorders Medicine, Vascular and
Developmental Lung Biology, Invmunobiolegy

Health (NIH) are seeking o hire a person with scientific knowledge and
rescarch expertise in neonatal, podistnc, vascular, or sleep disonders medicing,
developmental or stem cell biology, with emphasis on understanding function
wwd application o uman ey development; vascular or respimtory biology;
circadian maolecular biology: immigsobiology of molecular geswtics in the con-
text of normal e function and sdull or pediatne lung disease. This positon
represeils an execllent career opportundy 16 work i a visible, high procity

pulmonary medscme at the national level

LS. citienship i3 required and the applicant may be subject 1o o back-
ground vestigation.  For the basic qualification requirements, refer to
the MNIH puidance for Health Scientist Administrlors
http:wwwoanhlbinibgesfaboutjobshsaguidehtm and Medical Officers
www.opmLgoyiqualifications/SEC-TV/BGS MMM H TN

Benefits: Appointment will be made an the GS=13/14/15 grade kevel depend-
ing on qualifications, A Physician Comparability Allowance may be paid up
to S30.000 per year. Inaddmion, a recruitment bonus may also be considened.
Excellent health, life, investment, and personal leave benefits.

Posttion requiranents and detmled applcation procedures are provided m s
sepamte vacancy announcements. Please apply online by accessing
www.asajobs.opmgey and refer o NHLBIOT-186569-MP for Health
Scientist Admmistrutor (ment promotien), NHLBI-07-186567-DE  for
Healih Scientist Administrator candidates without govemment status and
NHLBI-O7-186570-DH for Medical (MTicer. You may also submit a resume,
cv/biblieeraphy or otler format o; Meschelle Young, Human Resources
Specialist, 2115 East JefTerson Street, Roon 1M-102, Bethesda, MD 2089 2-
8502, All apphications must be postmarked by the closing date 07-18-07.
For additional mfonmation, contact Meschelle Young at (301) 443-3358.

DHHS and NTH are Equal Opporriy Erployers

I'he Department of Health and Human Services and the National Instiutes of

progrum area that has the potent@l w alter ina substantive way the direction of

Argonne

NATIONAL
LABORATORY

The X-ray Science Division at Argonne MNational
Laboratory invites applications for stafl positions
within X-ray Operations and Research. We are
seeking candidates in all experimental x-ray areas,
with particular emphasis on inelastic x-ray
scattering, magnetism, small-angle x-ray scattering,
surface scattering, and x-ray imaging. Positions are
entry level to senior appointments,

Candidates should have a strong background in
synchrotron radiation research; considerable skill in
developing instrumentation (such as x-ray optics
and detectors) and in state-of-the-art techniques;
considerable skill in designing and implementing
x-ray oplics; considerable skill in understanding
abstract concepts, experience in hardware and
software for computer control/idata collection
systems and high heat load x-ray optics is
beneficial,

The Advanced Photon Source at Argonne provides
a stimulating intellectual environment, and offers the
successful candidates many opportunities fo
interact with world-class facilities and researchers.

Successful candidates will have a Ph.D,
postdoctoral experience and a demonstrated ability
to conduct high-guality independent research in the
field.

Argonne is a LS. Department of Energy laboratory
managed by UChicage Argonne, LLC. Argonne’s
site is approximately 25 miles southwest of Chicago
on a beautiful 1500-acre campus-like environment,
Interested candidates should send a detailed CV
by August 24, 2007, along with a list of
publications, and the names and addresses of three
relerences through the Argonne website at
http:/fwww.anl.govfjobs job search for the

lollowing requisitions:

XSD 311367 (Assistant Physicist)
XSD 311262 (Physicist)
XSD 311364 (Physicist)

For additional technical information, please contact
Dr. George Srajer at XSDpositions@aps.anl.gov.

Argonne ks an equal opporiunily employer,
and we value diversily in our warklorce,

£
;
3
:
;




-
:
8
:
3

FACULTY POSITION in
REPRODUCTIVE/TERINATAL
ENDOCRINOLOGY
ASSISTANT or ASSOCIATE PROFESSOR
University of Marvland School of Medicine

The Department of Cbseetrics /Gyvnecology and
Reproductive Sciences and the Center for Studics m
Reproduction at the University of Marand Schiool
of Medicine are secking an established INVEsTiEaTor
to filla Tenure-Track Faculey Position in the area of
reproductive and for perinatal endocrinology, Can-
didate should have the Ph.D. and for M. D, post-
docroral waining in reproductve endocrinology /
physology, a strong badkground in molecalar bi-
ology, U atzensnp, a sound recond of schalarly
activity, and acove NIH ROL-tvpe rescarch gramt
funding. Oppomunitics exist for collaboration with
existing facudty in several areas of reproductive biology /
medicine, on a XICHD US4 Cooperative Centers
Program in Beproductive Scicnces, and an transla-
tiomal research in the area of maternal-feral medicine.
Active areas of rescarch in the Cemer inchide: endo-
metrial and plcenial angiogeness, fetal-placental
deveopment amd cardsascular function, ovarian fiol-
licular development, sterodd hormone action, neuaro-
endecrine regulation of behavior and gonadotropin
seeretioy, ot ¢etera, The Universaty of Marvland at
Baleimore has recently undergone aggressive groweh
in pew rescarch and clinical facilities and 5380 mil-
liom i research grane fmding. Submit letter of inter-
est, abbrovated NIH beskerch, and fall comiculum
vitac 1o: Eugene D. Albrecht, Ph.D)., Director, Cen-
ter for Smdies in Reproduction, Department of
Obstetrics/ Gynecology and Reproductive Sciences,
Bresder Research Laboravories Room 11-00%, 655
West Baltimore Street, Balimore, MD 21201.
E-mail ealbrech@umaryland.edu.

ASSISTANT PROFESSOR of CHEMISTRY
Department of Chemistry
Bethune-Cookman University

The Department of Chemistry s accepting appli-
carions for & fall-time, nine-month enore-rrack
position. The successful candidate will be expecred
to teach general chemistry and biochemstry among
other courses. which coincide with training. Addi-
viomal responsibilivies include student advisement
amd service on departmental and institutional com-
mittees, Development of an acove, externally funded
research progect, which pﬂni'.l\'\ opportunitics for un-
1.1L|‘E..ral.h|‘|'||. pamicipatian, 13 expected. Salary 1 com-
petirive and based on qualificarions. A Ph.I). in
biodhemistry 5 required. Preference will be gven o
applicants with expenence m biochenustry, Applicants
alwanld suibavar a leter of .1|!|!l|i1.'.a!i|u'l ilLl.'||.I1.1||1l.'. A slale-
ment of reseanch interest, cwrriculum vitse, graduare
and undergraduace transciipas, and three ketters of
refercnce to

Thomas . Richardson, Ph.D.
Head, Chemistry Department
Bethune-Cookman University
G40 Mary McLeod Bethune Boulevard
Daytona Beach, FL 32114
Telephone: 386-481-2692
Fax: 386-481-2062
E-mail: richardi@cookman.edu

Tampa, Flonda-based orthopedic deviee manu-
facturer secking an experienced BIOMEDICAL
ENGINEER. R&D and manufacturing omiometse
devices for orthopedic surgergy. Expenience with
collagen preferred. M5, in biemedical engineering
and Aor bromechanics required ., Experience with ver-
Ivl;|!!|-..|.l|: iniiciileakeleral msics i!I'l:ﬁ.'n'cd. Thece o
tive vears of expenence in biomedical manutactur-
ing preferred. Qualified candidates please subanit
resume and saby requirements o e-miail: roollins®

mimedx.com,

1370

University

Microbiology, Immunology and
Pathology
Post-Doctoral Position (Mtb)
Dobos-Elder Lab

Cualified applicants will work on X 1H funded
tiberculosis grants and centracts to coordinate
dny-to-day research activities. Studies on these
projects mnge from generating recombinunt
and native products derved from Mycobacre-
rivn tebercilosls, generation of new reagents
for the detection of Mtb and tissues infected
with Mib, and coordination of research ¢fforts
with our collaborators studying various aspects
of Mib physiology and the immune response to
M. Qualified applicants must possess a broad
ramige of experience i biochemistry, tssue cul-
ture based assavs, animal studies, quantitative
and qualitative analysis, and B5SL-3 experience.
Qualified applicants must also possess strong
written and verbal communicatien skills, PhD
or equivalent requined.

Applications recerved by June 8, 2007 given
full consideration; applications accepied
until positton filled, Electronic submission
{preferred) to include letter stating research
interests, curnculum vitae and names and
emal addresses of three references to:

karen, Dubos-Elder i@ ColoState, EDL
XL ix an EECVAA Enh:lr.lJ'er't

University

Microbiology, Immunology and
Pathology
Post-Doctoral Position (TE)
Dobos-Elder Lab

Cualified applicants will work on an NIH
funded tuberculosis coniract generating
recombinant antigens and wse these highly
purified reagents 1o study the delayed-type-
hypersensiivily response im o guinea pig
miedel of wberculosis, Inaddition, candidates
will study protein-protein ineractions and the
relationship of these interactions in the host
immune response o wberculosis, CQualified
applicants must possess experience in pro-
tein biochemistry amd i tissue culture based
assays and have sirong writien and verbal
commumication skills, Expericnce in mass
spectrometry, animal studies. and BSL-3
experience preferred. PhD or equivalent
requined.

Applications recerved by June 8, 2007 given
full consideration: applications accepted
until positien filled. Electronic submission
{prefemed) o mnclude letler of intent stating
research mterests, curmeulum vitae and names
and email addresses of three references to:

karen.Dohes-Elderie Colostate. EDU
CSL ix ane EECVAA Emplaver

USDA aE et

wwwars.nsda oy

Research Entomologist!
Research Chemist
GS-12M13M4
$63,417.00-5115,848.00 per annum

The U.S. Department of Agriculture, Agri-
cultural Research Service, San loaquin
Valley Agriculiural Sciences Center, Parlier,
Califormia, invites applications for a Research
Enmomologist/Research Chemist position
GS-12703/14 (563,41 7.00-51 1 5,848.00 per
anmum), Position is responsible for planning
and leading fumigation research on fresh or
dried frum, nuts and durable commodities
such s gruns, beans and spices, as well as,
conducting research on fumigation programs
for commuodity processing facilites, The weal
candidate has expenience in wrln emomalogy
and’or pest control and s fmiliar with com-
mod ity marketing. For mfommation call Deniee
Chambers o 559-596- 20640,

For a copy of the full agency announcement,
application procedures and qualifications
for the posttion go to www.usajobs.com,
{Announcement Number ARS-XTW-0233)
Closing date Tor applications 15 July 31,
2007. Applications must be received by the
closing date of the announcement. This is a
competilive, permanent appomtbment and U5,
citizenship 15 requined.

The USDA ix an Equal Cyppeorteeiny
Provider arnd Emplover

i
MBL | sickogical Discovery in Wioods Hole
|

Chief Academic & Scientific Officer

The Marnine Biologis] Labormory in Woods Hole, MA_ s
seeking cendidates forthe position of Chief Academic and
Sciemific OMicor (CASN, Esablished in |B8E. the MEL
seTves e an intemmtiona] resource s biology, adscating
the workl"s bes @i brighiea in the aress of busic Binlogy,
hicneed icine, and ermvironnenial scences 2 well as
providing a stimulming el productive research hase for
srienlists from somss the ghobe

The MBL 1 scarchieg lor o senior kel person, cquivalont
10 0 Prosvosl o o university setiieg. i be responshle

fior b ershipe, planming. apd overxight of all academic
progmms, iv develop and overses polickes relaimg to
scienlific research, and o oversee commarcial relations with
privaic enicrprise. The postion will advise and work clsely
with the [eecon CED of the MAL wld parcipate in the
development of strtegic direction of the laboratony.

The successful candidate should bave an outstanding recond
in seientific reseanch and education, hove srong leadership
angl aieninesirativ ¢ sklls, posess supomor infe persomal ansd
facilitrion skills, understand the realides of “uoft money™
bistiusi, Bave cxperiasce woith aieee oducition @

alll levels, and bave expeniemoe with fmding projects,
aheveloping and adminisening budgets, and the scicnlific
Eranis process.

Furiber infommtion aboul the MBL s avalable at
wivw. bl odu, Review of applicasons will begin

July 1. M7

Forward applications ts: Chair, CASD Search Commiliee,
o'o Susmn (aoux, Marine Biokogical Laboraiory, 7 MEL
Soreet, Wids Hiale, MA 02543

A Expral dpporraenivy A firmetive dvtion Ewploves
- s g workplinoe
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£\ RUSH UNIVERSITY
U MEDICAL CENTER

CHAIR
Department of
Behavioral Sciences

Rush Medical College of Rush University
Medical Center is seeking a new Chair of
the Department of Behavioral Sciences
(Psychology). The Department currently
includes twenty-three salaried faculty
(eighteen full time and five part nme) and
fifty-six affiliated faculty, This multi-faccied
department mainvtains a strong researchand
clinical presence within the University,

The Depariment houses two laboraiories
with extensive historics of NIH funding:
Sleep and Sleep Disorders and Biological
Ehythms. Clinically, the curremt strengths
include Slecp and Sleep Disorders, Newro-
peyehology, Pevechosocial Oncology, Outpa-
ticnt Psychotherapy, Pediatric Psychaology
and Geropsyveholopy and Rehabilitation.
The Department 15 deeply involved i basic
miedical education and has one of the most
popakar elective clerkships within the Medi-
cal College. In addition, the Department has
ahighly competitive, APA-approved intem-
ship with eight positions per year.

The preferred candidate will have a Ph.D.
in Psychology with an imtemationally rec-
ognized scientific and clinical reputation
wind a proven NIH track record for funding.
Candidates must possess g commitment 1o
innovation in the field and the leadership
skills necessary to oversee the growth and
development of o multi-disciplinary trans-
lational research program. The successful
candidate 15 expected o provide visionary
and entreprencunial leadership and devel-
opment of junior faculty in their clinical,
rescarch, and academic missions of Rush
University.

Rush Medical College is the oldest medical
college in Chicago, established in 1837, and
is part of Rush University Medical Center,
one of the largest pavate academic medi-
cal centers in llinois. Rush is a thriving
center for basic and clinical research with
more than 1,600 active investigations. The
University is located i the Ilinois Medical
District that includes the John H. Swroger
Hospital of Cook County, University of THli-
nois at Chicago, and the Westside Veterans
Adminisiraiion Hospital

Letters of mnterest that include a curriciiliim

vitae will be accepied through October 1.

2007 and should be sent to:
Rick Sumner, Ph.D.

Chair, Search Commitiee for Chair of
Behavioral Science
Rush University Medical Center
600 South Paulina, Rm 507
Chicago, [linois 60612

O preferably electronically o
Julie_Karstrandi rush.edu

Rush is an Egual Opportumity Emplover

SYMPOSIUMS

Chinese Academy ol Seiences

Max-Planck-Gesellschalt

The Chinese Academy of Sciences (CAS) and
the Max-Planck-Gesellschaft (MPG)

are searching for up o two department directors for the

CAS — MPG PARTNER INSTITUTE FOR
COMPUTATIONAL BIOLOGY (PICB) in Shanghai

Lagally and administrativaly the Partner Institute is an ingtitute of the CAS, located on the CAS
Campus of the Shanghai Institutes for Biological Sciences (31BS).

The aim of this interdisciplinary and theoretically onented Instiute is to account for the
increasing invaolvament of mathematical, computer-science amd engineenng methods in
modern biology and to allow for novel approaches of research at the interfaces between dis-
ciplings (e.g. bioinformatics, computational biology, systems biology, computational biophy-
sics, theoretical neurobiology or evolutionary biologyl.

The proximity to experimentally oriented, intemationally competitive research institutes on
the SIBS campus guarantees close scientific cooperation and intaraction betwean theorat-
cal and experimental research. Strong collaboration with one or more Max Planck Institutes
in Germany is expected from the directors and will be expressively documented and fostered
oy appointing them as External Scientitic Members of MPG.

To aid the final definition of promising research areas and the identification of suitable candida-
tes, the Chinese Academy of Sciences and the Max-Planck-Gesellschait will jpintly organize a

Symposium on Perspectives in Computational and Theoretical Biology
ta be held in Shanghai on 24 - 25 Oct, 2007.

We invite applications from scientists with an outstanding intermational research record who
are willing to take full advantage of the unique challenge of leading the research at this inter-
disciplinary and theoreticalfcomputational institute by cooperating with the expanmental
institutas on the SIBS campus and in association with a Max Planck Institute in Germany,

The recruitment and appointment procedure for the director positions will be carried out
jointly by CAS and MPG. The positions will offer full scientific and economic independence
comparable to that of a directar/head of department at a Max Planck Institute.

The initial appointment will be for five years and can be extended afiar review by the
Institute’s mtemnationally composad Scientific Advisory Board.

Oualfied candidates should submit a curriculum vitae, a short statement of research inte-
rests and scientific goals, repfints of key publcations and the topic |or abstract) of the intan-
ded presentation at the symposium

Tao ensure full consideration, please submit @ hard copy of your application before July 31,
2007 to

CHEN Zhu {Vica Prasident of CAS)
Chinese Academy of Sciences

52 Sanlihe Road

Bedjing 100864

PR. China

and PDF-files of your application o the contact persons in Munich and Shanghai:

Barbara SPIELMANN CHEN %
E-mail: zpislmanni@gv.mpo.de E-mail: ychen@sibsac.cn

Max-Planck-Gesellschaft zur Fardarung
der Wissanschaftan

Hofgartenstrasse B

0 - 8053% Miinchen, Germany

Teel: +49-89-2108 1365
Fax: +43-89-2108 1041

LAS/MPG Pariner Institute for
Computational Biology

Shanghai Institutes for Biological Sciences
Chinase Academy of Sciences

319 Yue Yang Road

Shanghai 200031, PR. China

Tel.: +B6-21-5492-D456
Fax; +86-21-5492-0451
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HUMAN FRONTIER SCIENCE PROGRAM

12 Quai Saint-Jean, 67080 Strasbourg Cedex, FRANCE
Phone: +33 (0)3 88 21 51 27/34 Fax: +33 (0)3 88 32 88 97
E-mail: fellow@hfsp.org Web site: http://www.hfsp.org

2008 POSTDOCTORAL FELLOWSHIPS IN THE LIFE SCIENCES

The Human Frontier Science Program (HFSP) supports basic research in the life sciences with emphasis on
novel, innovative, and interdisciplinary approaches that involve scientific exchange across national boundaries.
The dynamic fields al the interface of biological and physical sciences open up new approaches lo understand
the mechanisms of living organisms. This indicates a clear need for participation of scientists from oulside the
life sciences to reveal the structures and networks that characterize the living state. Therefore the HFSP
supports postdoctoral investigators who explore new areas within the life sciences or who, in the cross-
disciplinary program, use their expertise in chemistry, physics, mathematics, engineering or computer science
to bear on a biological question. Two types of fellowships are available:

Long-Term Fellowships Cross-Disciplinary Fellowships

For applicants with a PhD degree in the life For applicants with a PhD degree in physics,
sciences who are expected to broaden their chemistry, mathematics, engineering or
horizon and to move into a new research computer sciences who wish to gain research
area thal is different from their doctoral experience in the life sciences by proposing
studies or previous postdoctoral training. a significant change in discipline. While
Applicants that propose a significant departure previous expertise should be reflected in the
from their previous research are viewed favorably. project, applicants are expected lo be exposed
to new techniques and literature.

Important deadlines:
Compulsory pre-registration for password: 16 August 2007
Submission of applications: 30 August 2007
The online submission system will become available in summer 2007 on the HFSP web site.

Nationals from one of the HFSPO supporting countries can apply to work in any country, while other
nationals can apply for training only in a supporting country. Current supporting members are: Australia,
Canada, the European Union, France, Germany, India, flaly, Japan, the Republic of Korea, New Zealand,
Switzerland, the United Kingdom, and the United States of America.

Applicants must be within 3 years after receiving their doctoral degree. The program provides initial support for
postdoctoral training in another country by means of an individual stipend (~150K USD over 3 years) that is
composed of a living allowance and funds for research and travel. Fellows can apply for 3 months paid parental
leave and receive a contribution towards the cost of child care. As a rule, fellows who choose to return to their
home country can defer their final year for up to two years and are invited to apply for a Career Development
Award (currently 300K USD over 3 years) to establish themselves as independent young investigators. HFSP
requires the maintenance of stipends for research scholars and has the policy that its fellowship stipend
cannol be subject lo mandatory deductions for social security contribulions. Applications from female FhD
recipients are encouraged.

Short-Term Fellowships

Short-Term Fellowships are intended for researchers early in their careers who already hold a PhD and provide
up to 3 months of support o learn techniques in a new area of research or establish new collaborations
in another country. Applications are accepted throughout the year.




Europe's most important interdisciplinary forum

Learn about new trends and directions in research. business, science policy and funding
Metwork withthe lecders of the world science community

Communicate your leading research and ideas to on international audience
Participate inthe debate, the discussion and the excitement of European science and technology
Meet and talk to scientific journalists from Europe and around the woarld
Develop your career, your future projects. your harizens and your contacts

WWwesof 2008 o,

SUBMIT A FEMSA,L

ESOF2008

Scientific themes

The human mind and behaviour

The very big and the very small

Maintaining an open society through science
Engineering the boady

What should we eat and how should we look like?
Enhuncin_g energy security. fighting global warming

o &

Science policy
Seience and art

Demegraphy in an ageing Eurepe
Screening: burdens and benefits

A FORUM FOR LEADING SCIENTISTS, YOUNG RESEARCHERS, POLICY MAKERS, BUSIMESS PECPLE AND JOURMALISTS

EUROSCIENCE OPEN FORUM

ESOF 2008

SCIENCE FOR A BETTER LIFE
BARCELONA, JULY 18-22

Science(Careers.org
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ullural
Research

USDA
| Service
www.ars.usda.goy

The Soybean Genomics and Improvement Labo-
ratary, |."5|.El:'l\.'|.||.|-|.1 Marvland, is secking a permanent
full-rime RESEARCH GEMETICIST | Flants), o
conduct research aimeed at the development and ap-
plication of molecular genetic markers in sovbean,
Hk M.'L'.'L'[L'L' AL I" 1"L' L'l.l.“.\."‘l.'{l (CRR VLT | I)NA M.'q'IILTI.l.Ii.'
analysis tools combined with in silico approaches for
single nucleotide polymorphsm (SXT) discovery cou-
pled high throughpur SNP derection technologies
o undertake whale genome analvses of plant germ-
phsm. Salary range: 566,767 S103,220 per annum,
phus benchits. Candidarcs mug be U8, citizens For
deruls and application directions. for ansouncement
number ARS- \".'-’!-' 187, sex wchxiur htepe £ www,
afm.ars, usda.gov Adivisions index.heml, or

call tc'lrphunt. '[ 04T 2. Applications must
be postmarked by June 15, 2007, USDA/ARS is an
!.-.rJl.n' Cppartumity Proviider amd i;mr'll'nr\:'r.

The Children's Nutrition Rescarch Center of the
HJ.I.!l::lr L. "’”"'l:'-"‘ of Medicine annownees the availabal-
ity aof TENURE-TRACK POSITIONS in nutri-
tion at the molecular, cellular, and whole organism
levels, induding translaidonal human nutrition e
search. Although positions are not Bamited 1o these
arcas, specific intereses are fetal, neodatal, and early
childhood numiton (induding fundamental mecha-
mismis for the developmental arigins of adult health
anadl i SWASE ) amdl « |I:IL'-\.|I5.' lfll:u."l:u.li 1§ fundamental adi-
pese tissue biology, regulaton of apperite and sanbery,
development of cating and physical activity behay-
jors, and prevention intervention studies ),

The level of appointment will be consistent wath
the candidare’s gualificanions. Candidares should
have a pecond of achicvemcnn I]'I!lIlIF,J'I F\-u]'l[in."ﬂliqu:h
in peer-review journals and successtul comperition for
extramural funding. In addition to a strong indepen-
dent rescarch program, the successful candwdate wall
be expected 1o have significant potenial for rescarch
collaboration with cxisting rescarch programs within
the Children's Nutnton Research Center.

Interested candidates should subvmit thar curmicu-
lum vime, a starement of rescarch inpereses, and three
leriers of recommendation sent by repular mail e
Dennis M. Bier, M.D,, Director, Children’s Nutri-
tion Research Center, Baylor Collepe of Medicne,
1104 Baves, Houston, TX 77030-2600.

Bapler College of Mediaoe & an Bgual  Avcess /Bguad
Cppornimity L Aflirioe Ambon Eniployer

FOSTDOCTORAL RESEARCH POSITIONS
Diabetes, Oxidative Soress, Vascular Biology
Now poatons are avalable m the Labosatory of

Cellular and Medecular Cerebeal Ischemia to imvesngase
translational-based mediane thar focuses upon novd
mechanisms of cell plstdty, degeneration, and im
mune function (Jowrmal of the Amerrean Mediend
Asseinrion 293:90, 2005, Cell Sgnal 19:1150,
2007 ). Expertise in molecular biology with cell cul-
ture and animal models is required. Please forward
curpeulum vitae toe Kenneth .'rlai.:.-n:, NI..I.'.I.1 Wﬂ.}mf
State University, Detroit, ML E-mail: kmaicsc@
med wayne.edi. Wiy Star Ulmvenity & an gl

Cpporemity (Affimumiee Ambor Eniploger

FOSTDOCTORAL FELLOW

Mosition available o sody the cellular and meo-
lecular mechanisms underlving  neurodegeneration
(website: heep:/ Swww.outdallas.edubiology/
faculty Srescarch/dmello heml ). Applicans st
have a ThD. degree with strong background and
rescarch experience in signal transduction mecha-
misms andSor rodemt nevrodegeneration. maodels
Please send currsculum vitae to: Santosh B D'.'l‘h:“cb,
Department of Molecular and Cell Biology, Uni-
versity of Texas at Dallas, Richardson, TX 75083-
O6BE, Lnveniiy of Teos, Dablys, i e Affensatioe Adim/
lu|||r.n.| Cipportumity Pmployer,

1374
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POSITIONS OPEN
ASSOCIATE or FULL PROFESSOR
Inhalation Toxicology and Cardiclogy /
Tenure Track
Comparative Biomedical Sciences

Biomedical Department with a well-equipped
inhalation research Bicility seeks a faculoy person in
inhalation tosicology and cardiclogy. Required qual-
theations: Phl) or equivalent degree in bicdoggeal /
biomedicsl seiences or related fickd; postdocrosal ex-
perience; research background in inhalaticn toxicol-
oy and cardiology; significant extramural funding;
alabity o teach i prodessoml and graduste program,
Respemsibilities: maintains an extramurally fusded re-
seanch program; conmibutes o the gradoate and pro-

fessional program; expands collaborative usage of

i|1|1.|l.1.|:im1 rl;u;:.n;h P'J.;il'ﬂ!.. .‘\':||.1.r:.' :|.|'|d r.m.k wl]l b
commensurate with qualificaions. An offer of employ-
ment is contngent on a safisfceory pre-emplovment
background check. Application deadline is July 6

07, or unn] candidare is selected. Subawir letter of

application and eesume (ncluding ¢-mail address ] to:
D, Arthur Penn
Department of Comparative Biomedical Sciences
School of Veterinary Medicine
Louisiana State University
Reference: #027599
Baton Rouge, LA 70803
Telephone: 225-578-98589
E-miail: :l[mnnﬁ‘rc‘tmnd.l'm..cdu
Lo Seate Dlaiversity s v Fiand Okpprovtunty /Bl
Awess Eaploper

MATIONAL SCIEMCE FOUNDATION
Integrative Organismal Systems

The National Science Foundatren's Divison of

Integranve Orgamismal Svstems (103%) is socking

qualificd candidates for a permanent poston of

PROGRAM DIRECTOR in the arcas of Develop-
mental Systems, Program Derectors are responable for
progeram plannang and admanseration, and for further-
ing the goals of the NSF and 105, More informaricon
about 105 can be found on the website: hop://
wwowensEgovdiv/inde jspddive 105 Applicants
[RRLILYS I"ER\L'“ El D]Il}. or L'l.l'ln.'l'JIL'J'Il i.'ll“.'ﬂ.\.'l'h.'l' iEI I"i[i'
oy or a related arca In addition vou must have six or
muore vears of sucecsdil rescanch, rescarch administra-
ten, or managenal expenence in developmental
bology bovond the PhoD. Familiaricy with NSF
palicies and practices, admmistrative expenience, and
recognized stature among peers are desirable. Annual
salary range is 593,812 wo 5146213 depending on
qualification and expenience. Applicants should submit
a mesume e Natonal Sdence Foundation, Amn:
Mym Loyd, Division of Human Besource Manage-
ment, 4201 Wilson Boulevard, Arlington, VA
22230, For details reganding torms of emplovment,
comiat: Myra Loyd, telephone; 703-292-4363. For
scientific of programmatie informuation, contace: D,
Bill Zamer, Acting Deputy Division Director,
telephone: 703-292-84 20 e-mail; weamer@#nsf,gov,
MWEE I oan ﬂ-:ll.ll.lll lf]lllpumur]j' f;'.lu_rlf.l;'.'l

POSTDMMCTORAL POSITIONS

Postdocton] positions funded by the Nanonal
Institutes of Health are available, vo study the roles
of insulin, pitric oxide and progein tyrosine phos-
phatases in regulation of vascular smooth muscle cell
signaling and neaintima formation in vascular injury.
Our progcts address i|:||'h::||.1.:|:||! base sewence qLics-
tons and also have relevance o clinical problems.
Esperence in molocular biclogy amd /or rat and mouse
surgery is essential, Compenitive salary is offered, Mease
awnd curriculum vitae and the names of three refer-
ences e D, Aviv Hassid, Deparment of Physiol-
oy, University of Tennessee, 89%4 Union Avenue,
Memphis TN 38163, E-mail: ahasad @tenneses,

vl.'l.iil:I Fax: 901-448-T126. The ‘mipvrmiy o Temnessee s

it Eqral Employment Opportimity A finwative Aaton Title
VU Tide X Seton SO7ADASADEA Dustinwins i the
provision of i education amd  emplopmest progemas and
seTIiies,

POSITIONS OPEM

¢J GILEAD

SENIOR RESEARCH SCIENTIST 1
Requisition Number; BF 7-386
Foster Ciry, California

Giilead Scicnces 8 a biopharmaceutical company
that discovers, develops, and commercializes inno-
vative therapeutics i arcas of unmet medscal need.
Chur massicon is b advanee the care of paticns satfering
from life-threatening  discases worldwide. Head-
quartered in Foster City, California, Gilead has op-
crations in the United States, Europe, and Austraba,
We currently have a great oppormanaty in Fester Cary
for an expenenced, well-organized professional o
join our Biology Depamment.

Responsibilitics: The successful candidate will join
n1|1||!i;|i.1.n.'ip]i|ur'_r rescarch peams foeused on the dis-
covery of mew therapeurics for hepatins C vins
({HCY) and human immunodeficiency virs (HIV).
Heshe will be responsible for biclogical character
vrations of drug candidares by developing stanc-of-
the-art cell-based assavs, and will plan and direct in
vive pharmacology studics. Additional responsibil-
ies melude management of asoaate and PhaA,
level scientiss, providing project updates wo ingermal
rescarch committees, and partidpating in business
development opporunitcs. Publication and presen-
tation of company rescarch are expected.

].IL!\i.!.II.JH IITI.I1I.EL'\: -I.j'li.‘u Ill.Hi[.ILJI'I Il.'-l.'l‘li.'l."- ik Ilillt.’.l
in biomedical sciences with a minimum of sx veass
of relevant postdoctoral expenence. Extensive knowl-
edge and hands-on research expertise in immunolo-
gy and Bumilianity with in vitro amd inosvivo models are
required. Experience in the host response to path-
OEens, mnae i|11|11u|1-:|n1.,rg., and for tumor immunol
ogy strongh' prefored. Excellent track record and
sErcdig illl!l:q'ln:lm::ln_ﬂ and 1n'.1.|..-"1.'\. FlTEn comiminica-
non skills are essential,

Reterence requisition number BE 7-386 and apply
online todav at websites hitp:/ S www, gilead com /
witseeSeareers.

We are am Egual Opporumity Eaployer,

CONFERENCE

The THIRD INTERNATIONAL CONFERENCE
on B CELLS and AUTOIMMUNITY:
FOOUS on INFECTTON

l:up.ll.':lla,'llu,_ H.iudn; Eu.m;in::l._ Braal

18 1o 20 August 2007
Wehsite: http:/ Aorvew, histo,ofr)be /LIB Ssatellite

MARKETPLACE

Immunochemical Reagents
& Hapten Reporter Groups and Conjugates

b Wide Selection of Conjugates:
Proteins/Sepharose/Fluors/FICOLL

BIOSEARCH +1.800.GENOME.1
A b L wow bilmmune.com

EZBiolab www.ezbiolab.com

Custom Peptide 10mg 90%: 319.59/aa
AB Productlon 5785 peptide included
Gene Synthesis §1.20Mmp
siRNA 20 nmol PAGE punfied: $285

WL SCIENCECaraers Qg




. A -
Believe itl 7 o8

v per reaction.

* Read length up to 900 bases.

* High quality electropherograms.

+ Fast turnaround.

* Plasmid and PCR purification available.

Polymorphic exclusively uses ABI 3730XL sequencers.
Data delivered via secure FTP, email or CD.

$ 2 50 No charge for standard sequencing primers.
= 384 sample minimum order.

per reaction! 96 well plafes only—no fubes.

POLYMORPHIC

— e Polymorphic DNA Technologies, Inc=

www.polymorphicdna.com 888_362 ‘0888

info@polymorphicdna.com

1125 Atlantic Ave., Ste. 102
Alameda, CA 94501 For more information please visit

For research use only. © Polymorphic DNA Technologies, 2005 www.polymorphicdna.com




B

More SIMPLE, stress-ree
suceoessiul RNAI experiments.

Make your RNAi research as simple and successful as possible with expert help selecting the right tools.
With lnvitrogen on your side, you can count on guidance throughout your entire RNAI experiment, from selecting between synthetic RNAI and
vector-based RMAI to finding the right transfection and gRT-PCR reagents—you'll always have the right products and guaranteed results.
Start to simplify your RMAI research now using our new RNAi Sourcebook. It's available, along with the answer to this Sudoku puzzle,

at www.invitrogen.com/siMPLE.

@ invitrogen

2007 © imeitrages Corporation. Al rights ressnved. These producis may be covered by one or more Lined Lise Label Licenses (soe the Iaviirogen cataleg or our websile, www.inrfirogen. com). Use of Rubik's Cube® is by permission of Seven Towns Lid.
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